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ABSTRACT 
The absorption of ultrasonic waves in oriented single 
crystals of white tin has been studied in both longitudinal 
and transverse magnetic fields as a function of frequency, 
in the region 10 to 130 Mc/sec. Resonant oscillations 
arising from both periodic and aperiodic open orbits have 
been observed. The magnetic field region in which the 
aperiodic open orbits are observed was compared with the 
two dimensional region of open orbits deduced from magneto-
resistance measurements. All the open orbits observed 
experimentally can be supported on the Fermi surface in 
zone 4a of the nearly free electron model. The geometric 
oscillations can be interpreted in terms of the surface 
in zone 4a and show good agreement with the nearly free 
electron model. The data also suggest that there is a 
multiply connected surface in the fifth zone which is 
open along the <(].0Q> direction. Absorption edges in the 
shear wave attenuation were studied as a function of fre­
quency and path length for propagation along K'OOl) in 
longitudinal magnetic fields. The period of the two sets 
of quantum oscillations observed agree with the de Haas-
van Alphen measurements. At 20 KG the attenuation of 
longitudinal waves in a transverse field was found to 
saturate for all frequencies investigated. 
1 
1. INTRODUCTION 
The physical behavior of a metal is highly dependent 
upon its electronic properties. Perhaps the most signifi­
cant parameter describing the electronic properties is 
the Fermi surface. In the independent particle model, the 
Fermi surface is that constant energy surface which bounds 
the region of occupied states in momentum space. The 
Pauli exclusion principle limits the effective number of 
electrons which take part in transport phenomena to those 
lying in states near this Fermi surface. Hence the shape 
of this surface, together with some knowledge of the col-. 
lision integrals involved, leads to an insight into these 
electron transport properties and often suffices for a 
semiquantitative description. 
The shape of the Fermi surface can be determined from 
the results of a band calculation. Phillips and Kleinman 
(1959J 1960a, 1960b) and others (Cohen and Heine, I96I, 
Harrison, I96O) have shown that for a large group of 
-metals, the orthogonalized plane wave method (O.P.W.) 
introduced by Herring (1940), should give a good approxi­
mation to the band structure at the Fermi surface. A 
discussion of the approximations made and some general 
conditions for the applicability of this method have been 
given by Callaway (1964). 
The success of Gold (1958) in interpreting his 
2 
de Haas-van Alphen data on lead in terms of a single 
O.P.W. model stimulated interest in the application of 
this model to other metals. (Harrison, I96O, Cohen and 
Heine, 196I). -
The single O.P..W. "method is commonly called the 
nearly free electron model. In this model the periodic 
potential is allowed to vanish while the proper symmetry 
of the energy surfaces is maintained at the Bragg planes. 
The free electron spherical energy surface is broken by 
the Bragg planes into different zones; these zones are 
then remapped by a reciprocal lattice vector to the first 
Brillouin zone. Harrison (I96O) has given a geometrical 
method whereby these single O.P.W. surfaces may be con­
structed without recourse to this tedious remapping pro­
cedure . 
Figure 1 shows the shape of a constant energy surface 1 
obtained by the single O.P.W. method in the reduced zone 
and in the extended zone picture .(a), (b) and (c). 
Cohen and Heine (I96I) have emphasized that for 
similar valence metals the effective periodic potential is 
a decreasing function of increasing atomic number. The 
smallness of the effective potential reflects the degree 
to which (a) the bound states form a complete set, and 
(b) the core levels are separated from the valence levels. 
In this Investigation, a magnetoacoustio study of 
3 
Figure 1, Hemapping procedure of a constant energy 
surface in a two dimensional square lattice 
(after Pippard 196I) a) third zone; b) second 
zone; c) fourth zone 
k 
white tin is described. White tin is located in the 
periodic table in such a position that one expects the 
single O.P.W. model criterion to be reasonably well satis­
fied. An O.P.W. type calculation of the band structure in 
white tin has been performed by Maisek (1963) who finds 
agreement between the calculated and single O.P.W. values 
at points of high symmetry. 
Magnetoacoustic effects in white tin have been 
studied in some detail by a number of authors: Olsen 
(1963a, 1963b), Mackintosh (I96O, I963, 1964), and 
Galkin et a2. (196O1). The results of these investigators 
are compared to the conclusions of this dissertation in 
Section 6.6. 
5 
2. THEORY 
2.1 Formal Solution 
Theoretical treatment of the electronic contribution 
to ultrasonic attenuation was started in 1938 by Akhiezer, 
who was concerned mainly with the temperature dependence 
of the attenuation. In 1955 Bommel found a magnetic field 
dependent attenuation in his experimental studies of white 
tin. A qualitative theory for the oscillatory phenomenon 
observed was put forward by Pippard (1955) and indepen­
dently by Mason (1955) and Morse (1955)* Pippard (1957) 
pointed out the importance of magnetoacoustic studies 
as a method of obtaining Information on the shape of the 
Fermi surface. 
Pippard (1957), Rodriguez (1958), and Kjeldaas and 
Holstein (1959) initiated theoretical calculations for 
the case of the free electron gas, Cohen, Harrison and 
Harrison (I960) considered in detail the situation of an 
electron gas in the presence of a transverse magnetic 
field. The corresponding analysis for the case of longi­
tudinal magnetic fields was done by Kjeldaas (1959). 
The results of Cohen, Harrison and Harrison (I96O) 
have recently been extended by Shah and Meijer (1964). 
Integrals appearing in the expressions for the attenua­
tion were approximated to a higher order. These refined 
6 
results fit preliminary magentoacoustic data on potassium 
to about 1^ .^  
The basic problem is to solve a wave equation of the 
type 
where is a dissipative force, for the attenuation. If 
a solution for the wave amplitude u of the form u u^ exp 
|^i(Qx-u}t)j is assumed, the attenuation a is given by the 
relation a = Im Q. Physically the problem is straight­
forward. Sound waves propagating through the solid pull 
the electrons into motion. These moving electrons gener­
ate fields which give rise to a dissipative force act­
ing on the lattice system. In terms of energy considera­
tions, the electron system gains energy from the lattice 
during the passage of the sound wave. This extra energy 
is then dissipated Irreversibly through collisions as 
joule heat. Pippard (1960), Gurevich (1959a-, 1959^), 
Chambers (196O), Kaner (I960), and Galkin et (I96O) 
have considered the problem for general Fermi surfaces. 
Detailed calculations and discussions of magnetoacoustic 
effects are given by these authors. In this section the 
Meijer, P, The Catholic University of America, 
Washington, D, C. Magnetoacoustic oscillations in 
potassium. Private communication (1964), 
7 
trajectory treatment of Pippard (I96O) will be reviewed, 
A physical picture is more easily evolved by this method 
than by the more formal Boltzmann-type approach used by 
the other authors. In the trajectory method the calcula­
tion is applicable only at 0 °K where the Fermi surface 
represents a sharp transition between occupied and un­
occupied states. The results obtained are correct inte­
grals of the Boltzmann equation in the relaxation approxi­
mation (Heine, 1957). It is convenient to consider three 
separate systems: (1) the lattice system carrying the 
sound wave; (2) the electron system; and (3) an external 
reservoir to which the electron energy is dissipated, 
Pippard (196O) calculates the excess energy of the 
electron system and obtains the attenuation from the rate 
of heat transfer from (2) to (3). Following the method of 
Pippard (I96O), we consider an electron of velocity v 
which has experienced a force TT (t) at a time t. The 
excess energy of this electron at time t=0 due to its 
past history may be written as 
o 
A£ = r X • n. exp 
- 00 t 
/ dt» 
- ./ — dt, (1) 
in which a relaxation time T is assumed. The factor 
8 
exp 
O J i. f 
y I is the probability that the electron has 
t 
lived for a time t without being scattered. 
The number of filled states, N, in the volume dS 6K 
is the density of states, (4rr^)~^, multiplied by the 
volume element dS §K. 
N = dS §K = 4,^  dS . 
4rr r^r Tiv 
ôK is the change of momentum normal to the energy surface. 
The excess energy due to this volume element is given by 
the relation 
N 65 = dS. 
ifiT "hv 
This excess energy is converted to heat with a time con­
stant T. The heat produced per unit volume per unit time 
is then 
V / 
4TT "h 
and the attenuation coefficient has the form (Pippard, 
i960) 
where M is the density of the metal, the sound velocity, 
and u the sound wave amplitude. 
The effective force n is due to various contribu­
tions: (1) the electric fields induced by the sound wave; 
(2) the local motion of the lattice; and (3) the change 
in the equilibrium Fermi surface due to the lattice strain, 
Blount (1959) showed that the relaxation of the elec­
tron system is to an equilibrium distribution centered on 
mu 
the moving lattice. This introduces a force -rp- on the 
electrons. The force due to electric fields is given in 
the usual manner by the expression eE. In these expres­
sions m and e are the mass and charge of the electron. 
The change in the energy surface due to the lattice 
distortion is taken to be proportional to the strain and 
is given at time t by the equation ôK = u^^ (3); 
the proportionality constant the deformation, is a 
second rank tensor which is a function of k only. The 
force due to this lattice deformation may be written as 
dôK 
-TT- = hwq. X. .u. , The expression for a£ may now be 
G. u J 1J 1 
written as 
0 
o i(£'x-U)t) - f  ^  r mu 
A£ = / e " e "t ^ Y 
- 00 
eE+— + -hwqjU^X^j dt . (4) 
The electric field E is eliminated by making use of 
the fact that the total current in the system is required 
10 
to vanish as a consequency of Maxwell's relations. This 
requirement is given by the equation 
J = -4- r A£dS = 0. (5) 
Equations 1, 2, 4 and 5 complete the formal solution 
to the problem. Formulas for many of the magnetoaooustic 
effects can be obtained from simple considerations. Some 
of these effects are considered in the following sections. 
2,2, Geometric Oscillations 
Consider the case of a transverse wave propagating 
perpendicular to a magnetic field. If the electron orbit 
diameter is at least one wavelength in dimension, then 
twice (or more) during each orbit the electron is moving 
parallel to the wavefront. If the force on the electron 
is strongest at the stationary phase points, the energy 
absorbed by the electron will be the greatest at these 
points. The attenuation will reflect this variation in 
A£ through Equation 2, Hence we expect the attenuation 
to be a maximum when r, the electron orbit diameter in 
the direction £, is equal to (n+s)i. %is a phase factor 
to allow for the fact that the major perturbation may 
not occur when the electron wavelength is an integral 
number of acoustic wavelengths. The Lorentz equation 
11 
îik = (e/c) vxïï may be Integrated to give the relation 
hk = (e/c) rxH. The condition for maximm attenuation may 
be expressed, with the aid of the Lorentz equation, as 
Ak = (n+f) xE = ex 
cTiP(H~^ ) 
( 6 )  
In this equation Ak is the calipered momentum of the Fermi 
surface in the direction £. x H. The calipered momentum is 
! 
the projection of the Fermi surface in a plane perpendicular 
to H, upon the vector £ x H. P(H"^) means period in 
Evaluation of Equation 2 for the free electron case 
leads to the following expressions for the attenuation a: 
a -
m nV 
M C 
11 (6a) 
where 
^22 
waves and 
Sll - ^22 
2 -
S + 
o (^I-SQ )  
^2 
3(i+ufr2) 
-1 
-1 for transverse 
-1 
i-so + Is; -1 for 
longitudinal waves. In these expressions q is the acoustic 
wave number and i is the electron mean free path. 
The quantities S^, g^, and g^ are given by Cohen, 
12 
Harrison and. Harrison (I96O) as 
n 
? 
; (x) = / Jo (x sin e )  sin 0d0 
o 
where 
8o(z) = .f 
o 
x = aï|ç 
n , 
o f ' ,  > 1  
(x Sin 0) sin^ 0d0, 
The attenuation a given by Equation 6a is quasi-periodic 
in H~^ for both cases and Sgg). The change in H~^ 
between maximum values of a approaches nn rapidly and, aside 
from the first one or two maxima. Equation 5 may be used 
to determine Ak. The phase for the free electron case is 
found to be + tt/^. The case of a general Fermi surface 
(single sheet) has been treated by Pippard (I96O), He 
finds the attenuation to be governed by suitable combina­
tions of terms 
», • (V) 
The magnetic field is considered to be in the z direction. 
T is a mean relaxation time. Each is a term of the 
13 
form 
si* (& B + &%) ( 8 ) ,  
where g = hcq/eH. 5 is determined by the detailed shape 
of the orbit; the amplitude reflects- the curvature at 
the extrema, a large signifying a relatively small curva-
n 
If open orbits are present, a series of resonant type 
oscillations can occur for transverse field geometry. 
This effect was predicted by Galkin et aJ_. (196O). Con­
sider an electron moving in the x direction along an open 
orbit. A longitudinal sound wave, propagating in the x 
direction, sets up an electric field of the form E = 
2Ç exp i(qx-wt). The electron velocity along the trajec­
tory may be written as 
If the open orbit is periodic with a frequency Q, Equation 
9 may be written as 
ture. The functions are listed by Pippard (i960). 
2.3. Resonant Oscillations 
(9) 
(10) 
14 
The excess energy per unit time of the electron system, 
may now be written as 
i# = 2 K, = Eo e 
i (qx-Uît) 
V n 
When the displacement x is expanded as x)^_^+ x)^_Q t+ 
Equation 11 becomes (taking x)^_^=o) 
i(qT-w)t 
it = ® Vx = ®D^oX " ^ e i(qv-ub-nQ)t^2) 
The excess energy A£ is given by the expression 
AE = I' e"^ ^  AE/At dt' (13) 
- 00 
where, as previous, this is a trajectory integral with the 
scattering probability e"^^^« This Equation 13 is written 
as 
aE = ^O^OX dt 
- 00 
+ E„ /° z V e[i(qT-«-nr) + v/«] t^ t (i4) 
or, approximating v as , 
15 
1 
A£ - Eo"^ox v/g +i (qv-w) "*"'^0 ^ +i(qv-m-nn 
|A£/ = -p— 2 + E E 2— 2 ' 
(v/x ) +(qv-w) n (v/g) +(qv-w-nn) 
The first term on the right hand side of, this equation is 
independent of the magnetic field. The field dependent 
resonant condition for maximum |a£| is 
qv-ub-nQ = 0 (17) 
or qv=nQ, under the condition qv (=wv/Cg) uu. The attenua­
tion reflects this resonance in IaeI through Equation 2. 
The frequency Q is given by the relation Q=2rrf=-^-. Under 
the approximation the Lorentz equation may 
cIT. be integrated to give the relation -ggK, where K is the 
spatial period of the open orbit in momentum space. 
Equation 1? is now rewritten as 
The half width aH of the resonance line is related 
to the electron mean free path by the relation 
where is the value of the magnetic field at resonance. 
These resonant oscillations have a half width which de­
creases with increasing frequency. In practice these 
oscillations are easily separated from the geometric 
l6 
oscillations arising from closed orbits, since the reson­
ant oscillations have a phase of zero and exhibit a charac­
teristic resonant width. 
Expressions for high field attenuation values have 
been derived by Pippard (I96O) and by Kaner (I96O). 
According to Pippard (i960), open orbits along the direc­
tion of wave propagation cause an attenuation proportional 
to the case of closed orbits where the attenuation should 
saturate at high fields. The results Qf Kaner (i960) pre­
dict saturation of the attenuation in strong fields for 
both open and closed orbits. Open orbits give rise to a 
large anisotropy in the saturation value of the attenuation; 
the anisotropy occurring, according to Kaner (I960), when 
the angle between 2 and the open orbit direction is of 
order (ql)"^. 
For the high field limit in the case of closed orbits 
Pippard obtains the following expressions for the attenua­
tion: 
2.4 .  High Field Limit 
9 
to H at high fields. This situation is in contrast 
2 2 
lim 
H 
h  g  r  2  (20a) 
00 
and 
17 
n = n 
^2^2 r - ? 
f/ f 
G ' (20b) 
r & < ] 
c  J 
In this expression n^ is the number of electrons per unit 
volume and n^ the number of holes per unit volume, is 
the cross-sectional area of the Fermi surface cut by a 
plane is defined by the relation 
-, q.x.,u. 
I y - 1 ^ dS . (21) 
% 7 u q 
f is a mean relaxation time. The cyclotron mass m^ is de­
fined through the equation 
-0 = If • 
is the cyclotron frequency of the orbit. The main con­
tribution to the closed orbit high field attenuation limit 
is the deformation mechanism, A similar result is obtained 
by Kaner (1960). 
If open orbits are present the induction attenuation 
?c 
i960). 
2 is proportional to H in the high field limit, (Pippard, 
18 
Kaner points out that in the region r « X. «^ (where 
r and Z are the radius and mean free path of the electrons 
and A. is the acoustic wavelength), the induction attenuation 
is small compared to the deformation terms ; under these 
conditions (q^ # 1 and a large magnetic field) Equation 20 
is a suitable description for the high field attenuation. 
2.5. Quantum Oscillations 
Quantum effects, which are a result of the changes 
in the density of states of the conduction electrons, are 
present in most transport parameters; These oscillations 
arise from the same mechanism as the familiar de Haas-van 
Alphen oscillations in the magnetic susceptibility; the 
periodicity in of the oscillations determines the 
extremal area of the Fermi surface perpendicular to the 
direction of the applied magnetic field. Due to the' 
change in the density of states, a£ (and hence a via 
Equation 2) is a periodic function of H~^. This periodi­
city is independent of the sound frequency. The extremal 
cross sectional area A (in momentum space) is determined 
by the usual equation (Onsager, 1952) 
19 
2.6. Longitudinal Magnetic Fields 
Kjeldaas (1959) developed the theory for transverse 
waves in a longitudinal magnetic field. It is convenient 
to consider the sound wave as circularly polarized in the 
following discussion. A resonant condition in Equation 2 
may be attained when the electron cyclotron frequency is 
equal to the Doppler shifted sound frequency. From a 
reference frame attached to the electron system, the ap­
plied frequency ®_^pp is Doppler shifted since the electron 
velocity v^ in the direction of the applied magnetic field 
is much larger than the sound velocity C^, The effective 
sound wave frequency is given "by the relation 
*eff. ^App (c ^ ' (23) 
s 
The resonant condition is described by the relation 
or 
= "eff 
i#C ^App 
A linear polarized shear wave may be broken up into 
a right and left hand circular polarized wave, • If v is 
20 
the maximum electron!velocity in the direction of the 
magnetic field, then the sound wave will be attenuated in 
the field region 
ID (- + 1) < (^ + 1). 
Figure 2 is a plot of attenuation vs. reduced magnetic 
field according to Kjeldaas (1959) for different values 
of qi. This plot is for a spherical energy surface, 
Kjeldaas (1959) also considers the case of an ellipsoidal 
Fermi surface and obtains the expression 
' • • A 
This equation relates the Gaussian curvature X of the energy 
surface (at a position corresponding to to the magnetic 
field at the absorption edge, 
In a longitudinal magnetic field, a linear polarized 
shear wave experiences a Faraday effect which leads to a 
rotation of the plane of polarization. This effect could 
cause an apparent increase in attenuation. The maximum 
velocity change occurs at the absorption edge. The free 
electron model (spherical energy surface) gives, according 
to Kjeldaas (1959)» a velocity change at the absorption 
edge of 
0.8 
CÇ 0.6 
OCo 
0.4 
^ ql=ld 
0.2 
ql = 100 
02 0.4 06 08 
H/H 
1.4 
Figure 2, Longitudinal field dependence of shear wave attenuation in a free 
electron metal a is the zero field attenuation. 
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1 
max (—) = MC~ • 
S s 
The rotation of the plane of polarization § 0 is 
half the phase difference of the two waves. 
ac 
§ 0 = = É u; —I ^ Where d is the sample length. 
^s 
nfmv 
è 0  = p d  .  (25 )  
6MC 
s 
The importance of rotation effects can be ascertained 
if the attenuation is studied as 'a function of frequency 
and path length. 
A review of other magnetoacoustic effects which have 
been observed in metals has been given by Mackintosh (1964). 
In this chapter a discussion of those effects which are of 
interest in the present investigation of white tin is pre-
sentedi 
It is Informative to point out the mechanisms which 
generate these different effects. The geometric oscilla­
tions are due to the approximate matching of the electron 
and phonon wavelengths. Mathematically the oscillations 
are due to the zeros in the Bessel-like functions which 
have argument qvmc/eH, 
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The resonant-type oscillations are due to a spatial 
resonance between the electron and phonon wavelengths 
(nXg = These oscillations have a resonant half 
width. The absorption edges result from the equality of 
the electron and Doppler-shifted phonon frequencies and 
are a temporal resonance. The quantum oscillations re­
flect a change in the density of states of the conduction 
electrons. 
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3. EXPERIMENTAL PROCEDURE 
3.1. General Considerations 
Acoustic waves were generated by a high frequency 
voltage pulse applied across a suitably cut quartz trans­
ducer. X cuts were used to generate longitudinal mode 
vibrations while Y cuts produced shear vibrations. The 
transducers, 1 cm in diameter, had a fundamental frequency 
of 10.0 and 15.6 Mc/sec for X-cuts and 13.0 Mc/sec for Y 
cuts. Higher frequencies were obtained when the trans­
ducers were driven at an odd harmonic frequency. 
The transducers were bonded to the specimen with Dow 
Corning high viscosity type 200 silicone fluid (viscosity 
of 10^ stokes). A high frequency pulse generator produced 
a voltage across the quartz transducer, and a sound wave 
was generated by the piezoelectric effect. After propa­
gating through the sample, the acoustic energy was changed 
to electrical energy by the inverse piezoelectric effect. 
The resulting voltage was then amplified, video detected 
and displayed on an oscilloscope. 
Various methods were tried in an effort to enhance the 
acoustic signal relative to noise and unwanted signals. 
The most satisfactory method found was a transmission 
method in which two transducers were used. At resonance 
the transducers and sample act electrically as a capaci­
tance shunted by a resistive load. For the transducers 
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used, the capacitance, C^, was approximately 20 picofarads 
and caused an initial electrical signal to pass through 
the transducer-sample system. This voltage drop was mini­
mized by a variable line and stub tuner arrangement which 
was used on both input and output lines. In addition an 
acoustic delay line was used to separate in time the capaci­
tance voltage from the acoustic voltage. The delay line, 
an X-cut quartz crystal 2.54 cm in length and 1 cm in dia­
meter, and the quartz transducers were obtained from Valpey 
Company. The acoustic delay line allowed a relatively short 
sample length (in some cases2 cm) to be used in cases 
where the acoustic attenuation was large. The attenua­
tion of the quartz delay line at 100 Mc/sec is negligible 
compared to the sample attenuation. (Bommel and Dransfeld 
i960) . 
3.2. Electronics 
A block diagram of the experimental set up is shown 
in Figure 3. The pulsed oscillator and oscilloscope were 
triggered externally by the circuit shown in Figure 4. 
This circuit was used, in obtaining some preliminary data, 
to apply a blanking pulse to the grid of the local oscil­
lator tube. 
The output of the pulsed oscillator was coupled 
through a variable attenuator onto the quartz transducer. 
STUB 
TUNER PULSED VARIABLE 
ATTENUATOR OSCILLATOR 
TRIGGER 
TRANSDUCERS 
SAMPLE 
DELAY OSCILLOSCOPE 
I F. AMPLIFIER DIODE 
MIXER 
VIDEO DETECTOR 
__ MAGNETIC 
FIELD METER LOCAL 
OSCILLATOR 
GATE A 
INTEGRATOR 
X Y RECORDER 
3. Block diagram of the experimental apparatus 
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2 M 4 8 9  
Figure 4.  Schematic diagram of trigger circuit 
I 
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The input and output coaxial lines were tuned with a 
variable line and stub arrangement. The output signal is 
heterodyned to a frequency of 30 Mc/sec, amplified in the 
I.F. stage, video detected and video amplified, and then 
displayed on an oscilloscope, For recording purposes, a 
gate and filter circuit couples the video signal, via 
a cathode follower circuit, to the x axes of a pen recorder; 
the magnetic field was recorded on the Y axes. 
The variable frequency pulsed oscillator (Arenberg 
model PG-65O-C) had an output frequency range of 10 to 150 
Mc/sec, a maximum output voltage of 300 volts, a repeti-
—3 —1 tion rate variable from ,0l6 to 10~ sec" , and a minimum 
pulse width of 1,5 u sec. The variable attenuator (Aren­
berg model ATT 693) had an attenuation range of 120 db 
adjustable in 1 db steps. The variable line and stub 
•tuners were manufactured by General Radio Company. 
A double ended Sage model 2^91 mixer which used 1N21F 
diodes and a General Radio type 1208-B oscillator were 
used in the heterodyne stage. 
The amplifier and preamplifier stages were Airborne 
models 132 and 13131. The complete stage, consisting of 
preamplifier, amplifier, video detector and video ampli­
fier, had a maximum voltage gain of 120 db. In practice 
a gain of 80 db was used; this gain setting gave a signal 
to noise ratio of 30. A test of the amplifier showed 
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that the ratio of output to input voltage remained constant 
to 5^ over the operating region. 
A Tektronix model 535A oscilloscope was used to view 
the signal. 
The gate and filter circuit shown in Figure 5 consisted 
of a blocking oscillator, which was triggered by the delay-
circuit of the oscilloscope, and a six diode gate. The two 
blocking oscillator pulses, + 150 volts of l.^^sec length, 
opened the six diode gate for the length of time of the 
pulse. The circuit was a variation of that described by 
Kamm and Bohm (I962). The six diode gate has been des­
cribed by Millman and Taub (1949). The filter circuit was 
a simple EC filter with a time constant of .1 sec. The 
d.c. signal was coupled to a Mosley type 2-A recorder by 
the cathode follower circuit. The non-linearity of the 
circuit was less than 2%. 
3-3. Magnetic Fields and Cryostats 
Transverse magnetic fields were obtained from a Varian 
model 21PG iron core magnet and power supply. The power 
supply was slightly modified to permit the magnetic field 
to be varied continuously. 
The cryostat used in conjunction with this magnet is 
shown in Figure 6. This cryostat was designed by Dr. A. R. 
Mackintosh and was intended to serve as a service Dewar for 
V\Ai # •300 V 
- I50V +300 V 
DELAY 
FROM 
OSCILLO­
SCOPE 
INIOO K 
(n X)05 
^ .002 4.7  K 
60K 
INtOO 
005 
•150V 300V 
50V 
1/2  K 
SIGNAL 
FROM 
RECEIVER 
0| ,02.03,0^ , Dg ,Dg 
I2Ak7 SILICON DIODES IN629 
TO X-Y RECORDER 
VjJ 
o 
Figure 5. Gate and filter circuit 
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Figure 6, Cryostat used for transverse magnetic field 
measurements 
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magnetoresistance, Hall coefficient, and magnetoacoustic 
measurements, A radiation shield was inserted in the Dewar 
neck to reduce radiation loss and increase the liquid 
helium transfer efficiency. The cryostat was suspended 
in the magnet by a "L piece" fastened with adjustable 
bolts to a frame attached to the magnet. The "L piece" 
allowed the liquid helium chamber of the cryostat to be 
coupled through a ball valve to a Heraus Roots type vacuum 
pump. A series of by-pass valves enabled the system 
temperature to be slowly taken through the lambda point. 
A fore pump and diffusion pump system to evacuate the 
cryostat jackets, and a mercury and oil manometer arrange­
ment completed the cryostat system. 
The magnetic field was measured with a Rawson type 
720 flux meter and, in some cases, with a Bell Hall pack 
previously calibrated by nuclear magnetic resonance tech­
niques. Both the Rawson flux meter and the Bell-Hall pack 
were periodically calibrated; all corrections in calibra­
tion required were less than 1%, 
Longitudinal magnetic fields were produced by a Magnion 
Company superconducting magnet. A Magnion model CFC-5 power 
supply furnished the solenoid current. The magnet was 
housed in the cryostat shown in Figure ?. This cryostat 
was designed in collaboration with Mr. D. R. Stone.. Initi­
ally there was a high liquid helium loss rate due to fill 
tube oscillations. The geometry of the fill 
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Figure 7. Cryostat used for longitudinal magnetic 
field measurements 
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3 tube was changed, and the loss rate reduced to = 100 cm 
of liquid per hour. Most of this loss was due to the heat 
leak of the ribbon-like copper leads to the magnet. A 
3 test gave a figure of 80 cm per hour for the leads alone. 
The system required approximately six liters of liquid 
helium to cool from 78° K to 4.2 °K. 
Current instabilities in the power supply proved most 
annoying. Sudden changes of %.0^ amperes were observed 
over the whole current range. At 10 KG the magnetic field 
variation corresponding to these current changes was 2^. 
At low current settings care had to be taken to determine 
the current corresponding to the measured attenuation. 
The magnet calibration by Magnion Company of 2240 gauss 
per ampere was used to determine the magnetic field. The 
current was obtained from a'measurement of the voltage 
drop across a standard resistor. The magnetic field values 
are estimated to be in error by 5^ or less. Conventional 
low temperature procedures were followed and will not be 
described; 
3.4. Sample Preparation and Sample Holder 
Single crystals of white tin were grown by the 
Czochralskii technique (described for example by Lawson 
and Nielsen) and by the Bridgman technique. The Czochral­
skii furnace and associated mechanical accessories were 
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designed by Mr. D, Grotzky and are of conventional design. 
The Bridgman furnace consisted of a heating element and a 
1 1/8 in. O.D. Vycor tube which was evacuated by a dif­
fusion pump. The heating element was composed of six 
Sylvania type DCA projection bulbs arranged on a six in. 
circle to focus on a one in. graphite mould which was 
placed inside the Vycor tube. The heating element was 
motor driven to travel the length of the Vycor tube which 
was held in a fixed vertical position. The graphite mould 
rested on a brass water cooled stand and supercooling of 
the tin melt was prevented in this manner. Single crystals 
or large-grain polycrystals were obtained by this proce­
dure . 
The crystals were oriented by conventional Laue tech­
niques and then transferred to a Servo-Met spark cutter. 
Special care was taken to cut the faces of the samples 
parallel. The sample axes were found to be within 1/2 
degree of the orientation desired. This precision was 
equal to the accuracy to which the Laue pictures could be 
read. The sample holder is shown in Figure 8, The sample 
was mounted between two flat brass plates which were held 
by nylon disks. These disks were free to slide on four 
.008 in. diameter brass rods. Pressure was applied to 
the contacts by means of phosphor bronze springs. A 
small ground wire was soldered onto the samples. The 
quartz delay line was chemically silvered by Brashear's 
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Figure 8, Diagram of sample holder 
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process and attached to a grounded phosphor bronze ring 
which clamped with a slight pressure. The whole assembly 
was supported in liquid helium by thin wall stainless 
steel tubing. 
An "O-ring" assembly at the top of the sample holder 
allowed the sample to be rotated in the magnetic field. 
The angle of rotation of the sample about its axes was 
measured by a vernier type scale. This angle could be 
determined to + .05 degrees. 
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4. EXPERIMENTAL RESULTS 
4.1 General Remarks 
The axial directions of the tin samples investigated 
are labeled by their polar angles in Table 1. 
Table 1. Axial direction and longitudinal sound velocity 
of samples investigated 
Longitudinal 
Sample Polar angles sound velocity 
number 0 ? (105 cm/sec) 
17 g: • Oo 3.337 l6 0° 3.337 
19 0° 25' 3.45 
15 0° 23' 3.65 
18 0° 23' 3.65 
11 — 90° 3.76 
20 mm 90° 3.76 
6 3.64 
55 30' 3.58 
54 3.52 
14 45° 0° 3.68 
21 0° 3.68 
12 0° 3.52 
3 3.59 
23 32° 30' 3.57 
4o 0° 11° 3.38 
41 0° 8o 3.37 
22 28° 
28 30 35° » 
"These velocities were not calculated. 
The Bravais lattice of white tin is tetragonal. The 
angle 0 is measured in the (001) plane from the direction 
<100). The angle p is the complementary angle of the usual 
polar coordinate angle 0; i.e. p=9O-0, where 9 is measured 
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from the <001> crystal axes. All angles. 0 and p were 
determined to + 1/2 degree by x-ray techniques. The 
angles of samples Sn 19, Sn 15s Sn 18, Sn 55j Sn 3 and 
Sn 23 were determined to a greater accuracy by a fitting 
procedure as described on pages 91 and 92. 
The samples were cut in the form of cylinders, 
approximately 1 cm in diameter and of various lengths 
ranging from 0.2 to 1.0 cm. 
All data for longitudinal sound wave propagation 
were taken in a transverse magnetic field; i.e., the mag­
netic field was perpendicular to the sound wave propa­
gation, characterized by the vector q. Data for this 
geometry were taken as a function of magnetic field angle 
with respect to the crystal axes. All data angles noted 
relate to this magnetic field angle, the zero of which 
is arbitrarily defined for each sample. 
All data reported for longitudinal magnetic fields 
were obtained from shear waves propagated parallel to 
the direction of magnetic field. 
Measurements on two representative samples gave a 
Binn S 
resistivity ratio, — , of 10^. When Fawcett's 
h.Z 
(i960) value of 5.4 '10^ cm/sec for the Fermi velocity 
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and a value of 11.5 '10~^ ohm-cm for room temperature 
resistivity are used, a mean free path for electrons at 
4.2 °K of .04 cm can "be calculated. This corresponds 
to a value of approximately 80 at a frequency of 
100 Mc/sec for longitudinal waves. 
Chambers (1952) obtains a value of 9.5 '10"^^ ohm ^ 
— 2  
cm" for o/IQ in his anomalous skin effect experiments 
on tin. Using this value for o/l^t a mean free path 
of .09 cm is found. 
The expressions for the various magnetoacoustic effects 
all contain the sound velocity c . The elastic constants 
and density for white tin"have been determined by Rayne 
and Chandrasekhar (I96O), at 4.2°K. The method of 
Appendix A was used to compute the sound velocities cor­
responding to the sample orientations investigated. These 
velocities are listed In Table lo Since no detailed data 
were taken on samples Sn22 and Sn28, these velocities were 
not determined» 
The experimental data consist mainly of charts of 
acoustic pulse height vs. magnetic field. Each chart 
was calibrated in gauss per cm and a reference field noted. 
The magnetic field values H and their recrlprocals 
which correspond to maximum and minimum attenuation values 
were machine computed. The program is listed in Appendix 
B. The majority of the data was taken at a temperature 
of 4.2°K« The oscillations above 300 gauss were not 
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significantly improved at a temperature of 1°K and no 
essential difference was observed between data taken at 
4.2°K and 1°K. The superconducting critical temperature 
for white tin is (Zemansky (1957)• This value 
of T^ does not allow the low field oscillations to be 
observed at 1°K, since the electronic contribution to 
the attenuation goes to zero rapidly as the temperature 
is decreased below T^. 
Only minor differences were observed for data ob­
tained on samples which had their axes in the same direction. 
4.2. .Symmetry Directions in Transverse Magnetic Fields 
Detailed data of pulse height vs. magnetic field were 
taken at 5 degree intervals of magnetic field angle. In 
some cases curves were obtained at 1 degree intervals. 
The reciprocal of the magnetic field positions cor­
responding to points of maximum attenuation (minimum pulse 
height) multiplied by the experimental frequency was 
plotted against #(H), the magnetic field angle. These 
curves are shown in Figures 9> M and 11 for £ along the 
<001) , <100> and <110> axes. 
For 2 along <001) a well defined series of oscillations 
was observed for all magnetic field angles §(H). Two 
other predominant oscillations observed were the curves B, 
with an angular range of 0 ^  $(H)<20°. ($(H) = 0 for H 
Figure 9- Values of fH~ which correspond to attenua­
tion maxima, as a function of magnetic field 
direction; q along <00Ï> 
— "I The values of fH~ are plotted radially. The 
directions <100> and <110> correspond to direc­
tions of magnetic field. The magnetic field, 
the direction of which is referred to as $(H) 
in the text, is rotated in the (001) plane 
from the directions (100) and <110). In this 
figure the large dots correspond to harmonics 
of one set of oscillations and the small dots 
correspond to other oscillations observed. 
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Figure 10. Values of fH~ which correspond to attenua­
tion maxima, as a function of magnetic field 
direction: q along <100'> 
The format of this figure is the same as that 
of Figure 9» Points connected by lines cor­
respond to the same harmonic of the oscilla­
tion observed; i.e. this attenuation maxima 
could be followed (as a function of magnetic 
field) over the angular range of *(E) shown. 
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Figure 11. Values of fH~^ which correspond to attenua­
tion maxima, as a function of magnetic field 
direction; q along <110> 
The format of this figure is the same as that 
of Figure 10. 
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along <100} ) and C, with an angular range of 30 
Well defined oscillations were observed for q along 
(100) when H was within 35° of the -(OOl)- direction 
(OQ'(H)<35° ) • There was strong interference with the 
first harmonic of this series (labeled. B Figure 2). In 
addition, oscillations of approximately twice the period 
of the main set were observed in the same angular region; 
i.e. (0< (^H)<35°). Curves A and C exist in the region 
0_<œ(H)<65°f There is some indication that the curves C 
and D should be connected. Branch E would then probably 
connect to A and the curves would exist over a 90° angular 
region. 
No clear sequence of oscillations could be seen for 
data obtained with £ along <110), The angular range of 
some of the main oscillations observed are: A, 17°<é(H)<70°; 
B, 0<^(H)<25°; C, (ô(E)=0 for H along <100)). 
Frequency independent oscillations were observed over an 
angular range of 40°<®(H)<90°. These frequency independent 
oscillations are shown in Figure 12 for Ô(H)=90° and for 
*(H)=85°. 
4.3. Non-symmetry Directions 
Curves of vs.$(H) for the non-symmetry direc­
tions are shown in Figures 13 to l6. Data were usually 
H~<OOI> 
H~5* FROM <00L> 
Figure 12. 
MAGNETIC FIELD (KG) 
Frequency independent oscillations for q along <110) 
Data were taken at a frequency of 50 Mc/sec. The amplitude of 
the oscillations, observed in the magnetic field region of 9 to 
21 KG, was approximately 4 db/cm at 20 KG. 
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Figure 13. Values of fH"^ which correspond to attenua­
tion maxima, as a function of magnetic field 
direction: Sn 19 
The format of this figure is the same as that 
of Figure 10. 
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Figure l4. Values of fH~ which correspond, to attenua­
tion maxima, as a function of magnetic field, 
direction; Sn 15 
The format of this figure is the same as 
that of Figure 10. 
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Figure 15. Values of fH" which correspond to attenua­
tion maxima, as a function of magnetic field 
direction; Sh 6 
The format of this figure is the same as 
that of Figure 10. 
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Figure l6. Values of- fH which correspond to attenua­
tion maxima, as a function of magnetic field 
direction: Sn 12 
The format of this figure is the same as 
that of Figure 10. 
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taken at five degree intervals of $(H), In some cases 0,1 
and 1,0 degree intervals of $(H) were used. Typical data 
curves of pulse height vs. magnetic field are shown in 
Figure 1?. The magnetic field range of these curves is 
approximately 0 to 7 KG. From curves of this type it was 
possible in many cases to follow the oscillations as the 
magnetic field was rotated, ' 
In samples Sn 6 and Sn 55 a, series of sharp oscilla­
tions was observed when H was in the region + 4° of the 
(110) plane. These oscillations are shown in Figure 18 
as echo pulse height vs. magnetic field for Sn 55» H In 
the (110) plane. The shape of the oscillations changed 
with frequency. This change in shown in Figure 19. 
High field oscillations were observed in samples Sn 3» 
Sn 19, Sn 22, Sn 23,' Sn 28 and Sn 54. The positions of 
— I 
are plotted vs. $(H) in Figures 20-23 for some of these 
samplesc Typical data are shown for sample Sn 23 in 
Figures 24-26. The shape of the high field oscillations 
shows a half width which changes with frequency. Figures 
27 and 28 show this change for samples Sn 54 and Sn 3. 
4.4. High Field Rotation Curves 
Apart from regions where high field oscillations were 
observed, the attenuation reached a saturation value for 
all directions of H and £ investigated. The saturation 
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17. Magnetoacoustic oscillations observed in Sn 19 
The angle 214° corresponds to H in the (110) 
plane. The magnetic field region shown is 
approximately 0 to 7 KG. 
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Figure 18. Acoustic pulse height as a function of magnetic 
field in Sn 55 
Figure 19, Acoustic pulse height as a function of reciprocal 
magnetic field for Sn 55» . 
The half width of the fundamental oscillation is as 
shown. The amplitudes scale is different for each 
of the three frequencies. 
PULSE HEIGHT (ARBITRARY UNITS) 
Figure 20. High field values of maximum attenuation as a function of 
magnetic field angle: Sn 19 
High field oscillations could not be observed for angles> 
3450. The angles l4.0° and 346.0° correspond to H in the 
(100) and (110) planes, respectively. The experimental 
angle is the magnetic field angle $(H) measured with res­
pect to an arbitrary reference. 
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Figure 21. High field values of maximum attenuation as a function of 
magnetic field angle; Sn 23 
The angle l4l.4° corresponds to H In the (110) plane. 
The numbers 1, 2, 3, 4 and 5 which label the solid lines, 
refer to the harmonic number of the oscillations for exact 
periodicity. The ratio of the slopes of any two lines is 
equal to the ratio of the corresponding harmonic numbers. 
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Figure 22. High field values of maximum attenuation as a function of 
magnetic field angle; Sn 3 
Angles 155.6 , 186.4 and 211.6 correspond to H in the 
(100), (110) and (100) planes, respectively. The format 
of this figure is the same as that of Figure 21. 
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Figure 23. High field values of maximum attenuation as a function of 
magnetic field angle: Sn 5^ 
Angles 285.5° and 312.0° correspond to H In the (110) and 
(100) planes, respectively. No high field oscillations 
could be seen for angles >310°. The format of this figure 
Is the same as that of Figure 21. 
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Figure 24. Typical data curves of the high field oscil­
lations; Sn 54 
The angles shown correspond to the magnetic 
field angles of Figure 23. 
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Figure 25. Typical data curves of the high field oscil­
lations; Sn 54 
The angles shoum correspond to the magnetic 
field angles of Figure 23. 
Figure 26. Typical data curves of the high field oscillations: Sn 23 
The angles shown correspond to the magnetic field angles 
of Figure 21. The numbers noted in the figure are the 
magnetic field values (in KG) of the maximum attenuation 
positions. 
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Figure 27, Acoustic pulse height as a function of 
reciprocal magnetic field for high field 
oscillations in Sn 54 
The amplitude scales for the two curves 
are not the same. The angles shown cor­
respond to the magnetic field angles of 
Figure 23. The half width of the funda­
mental oscillations is as shown. 
68 
1092 MC 
280° 
SN 54 
H NEAR (110) PLANE 
.010 .005 .015 .020 
f H"' (MC/GAUSS) 
Figure 28, Acoustic pulse height as a function of 
reciprocal magnetic field for high field 
oscillations in Sn 3 
The angles shown correspond to the magnetic 
field angles of Figure 2?. The amplitude 
scales for different frequencies are not 
the same. The half width of the funda­
mental oscillation is as shown. 
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value of the attenuation was very anisotropic and was pro­
portional to the square of the frequency. A smooth varia­
tion was observed for the crystals oriented along a sym­
metry axes while rather abrupt changes were seen in the 
rotation curves for 2. along non-symmetry axes. The high 
field rotation curves for some of the samples investigated 
are shown in Figures 29-32, Attention is called to the 
large attenuation peaks in Figure 32 observed in small 
angular regions of H near the (110) plane. These attenua­
tion peaks were^ seen in all samples in which the high 
field oscillations were observed and are a result of the 
attenuation maxima "passing through" 20 KG as the field is 
rotated. 
The attenuation in a field of 20 KG relative to the 
superconducting state is listed in Table 2 for all samples 
Table 2. Relative attenuation; (db/cm) at 30 
Mc/sec and 1 °K 
Sample Direction of magnetic field 
number <100> <110> <001) (100) (110) (001) 
11 2.9 5.7 
55 2.1 3.3 
54 6.5 4.3 
14 9.6 19.2 
1? 28.0 10.3 
19 19.9 5.1 
15 ^ 12.5 7.5 
11 2.9 5.7 
is the attenuation in a field of 20 KG and is 
the attenuation, in the superconducting state. 
Figure 29. Acoustic pulse height as a function of the direction of the 
magnetic field; Sn 11 
The label experimental angle refers to the magnetic field 
direction. The magnetic field rotates in a plane perpendi­
cular to £, the wave propagation direction. 
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Figure 30, Acoustic pulse height as a function of the 
direction of the magnetic field: Sn 1? 
The format is the same as that of Figure 29. 
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Figure 31. Acoustic pulse height as a function of the 
direction of the magnetic field; Sn l4 
The format is the same as that of Figure 29'. 
Figure 32. Acoustic pulse height as a function of the direction of 
the magnetic field: Sn ^4 
The angle 285.5° corresponds to H in a (110) plane. 
The format is the same as that oT Figure 29. 
i 
I 
< 
i 
U1 
I 
LU (O 
SN 54 
ROTATION CURVE 
AT 20 KG a 
109.2 MC 
H IN (110) PLANE 180 
ON 
EXPERIMENTAL ANGLE (DEGREES) 
77 
Investigated in which £ lies in a symmetry plane. These 
data were taken at 30 Mc/sec. and 1°K. 
4.5. Longitudinal Magnetic Fields: Transverse Waves 
Data were taken in the frequency range of 10 to 80 
Mc/sec, on sample Sn 11,. q along <001) . The most strik­
ing feature of the data is the large attenuation change, 
the magnetic field position of which was independent of 
the acoustic path length. No delay line was used in 
obtaining these data. Figures 33-35 show the results ob­
tained. The transducers were both polarized in the same 
direction and the curves were independent of the polariza­
tion direction of the shear transducers relative to the 
crystal axes. At 10 Mc/sec. the attenuation remained con­
stant in the magnetic field region of 15 to 40 KG. 
/ 
Figure 33, Shear wave attenuation in a longitudinal magnetic 
field as a function of path length 
The notation 1^^, 2^^ and 3^^ designates the acoustic 
echo observed. 
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Figure 34. Acoustic shear wave pulse height as a function of longitudinal 
magnetic field; q along <001), 30 Mc/sec 
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Figure 35, Relative attenuation as a function of longi­
tudinal magnetic field 
Attenuation is plotted for 10 and 30 Mc/sec 
relative to the zero field attenuation. 
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5. INTERPRETATION OF EXPERIMENTAL RESULTS 
5.1. Nearly Free Electron Model 
As an aid in Interpreting the results it is very use­
ful (if not essential) to have a starting model of the 
Fermi surface. Such a model, the single O.P.W. or nearly 
free electron model, is readily constructed by the method 
of Harrison (I96O). The radius of the free electron sphere 
2 1/3 is given by the equation Kj, = (3rr n) ' , where n is the 
number of electrons per unit volume. The Bravais lattice 
for white tin is body centered tetragonal. Tin has four 
valence electrons per atom and two atoms per unit cell. 
The lattice constants a and c have the values 5*82 £. and 
0 
3.18 A., respectively (Wyckoff, 1948). 
The radius of the free electron sphere calculated 
from the previous equation is 1.5l8(2TT/a)cm.~^, The 
reciprocal lattice vectors are given by the equations: 
b^ = 2n/a (1, 1, 0) 
bg = 2n/a (1, 0, 1.83) 
bo = 2n/a (0, 1, 1.83) 
The procedure of Harrison (I960) has been used to ob­
tain plane sections of the nearly free electron surface in 
the reduced zone scheme. A computer program listed in 
Appendix C allows any arbitrary cross section of the nearly 
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free electron surface to be readily constructed. Some 
plane sections obtained are shown in Appendix C, 
Figure 36 shows the nearly free electron model in the 
reduced zone scheme according to Gold and Priestley (I96O). 
Sharp corners have been rounded off and the "wedge" and 
"wheel" surfaces in the fifth zone of electrons are shown 
not connected. The rounding off of sharp corners is 
expected on account of the energy discontinuities at the 
Bragg reflection planes. 
Some dimensions of the Brillouin zone are: 
PL = (2n/a) = 1.079 'IC^ cm."^ 
r x  =  0.707(2n/a) = 0.76] .llf 
TH = TH' = |(c/a+a/c)(2n/a) = 1.1893(2n/a)=1.28*10^cm."^ 
TP = 1.1576(2-n/a) = 1.25 "10^ cm.~^ 
rv = 1.044l(2n/a) = 1.13 "icf cm.~^ 
LH' = rw=^(a/c-c/a) (2n/a)=0,6'^38(2TT/a)=0.695 *10^ cm. ^ 
H'P = 0.7579(2n/a) = O.8I8 *10® cm.~^ 
According to the construction, the fourth zone hole 
surface supports open orbits. The main direction of open 
orbits is in the <110> direction, with a secondary open 
direction along <100>, 
The surface complementary to the fourth zone of holes 
is an electron surface consisting of posts, with axes 
along <001), sandwiched between two crimped planes parallel 
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zone 6: 
•lactroni 
Doo] 
zone 4: (a) holes zone 3*  ho les  
zone 5 : electron* zone 4 :(b) electrons 
Figure 36. The nearly free electron construction of the 
Fermi surface of white tin 
(After Gold and Priestley, i960). 
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to the (001) plane. Electron orbits may be more clearly 
discussed on this surface than on the hole surface. De­
fine the angle 0 by the equation 
= tan~^ h/d, 
where h and d are the approximate height and diameter, 
respectively, of the posts. 
If the magnetic field is inclined at an angle f to 
the <001) crystal direction, then open orbits will exist 
for all directions in the (001) plane for values of f less 
than f^ 0), where 
to = (90 - 0^). 
This region is called a two dimensional region of 
open orbits. 
Correspondingly for ^ open orbits do not exist 
for all directions in the (001) plane. As noted previous­
ly, the model supportsopen orbits in the special direc­
tions <110> and <100) for all angles f, These open orbit 
regions are called one dimensional regions. 
Some open orbits on a surface of the type 4a are shown 
in Figure 37 for It should be noted that in general 
is a function of the directions (100) and (110) . That 
is, 0 has different values depending upon which cross 
section of the posts is considered. 
on 00 ON 
Figure 37• Simplified model of the zone 4(a) electron surface 
Electron orbits, shown by dashed lines, are in a plane tilted 
with respect to the figure. The orbit of zone 4(a) (Figure 
36) is around a post. 
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The fifth zone of electrons also supports a narrow 
band of open orbits in the <100) direction. This surface 
gives rise to a one dimensional region of open orbits but 
cannot support a two dimensional region. 
5.2. Resonant Oscillations 
The topological features of the nearly free electron 
model can be used to interpret the high field oscilla­
tions, Due to the large momentum values obtained, these 
oscillations may be attributed to either highly extended 
orbits, or to open orbits which have a periodicity greater 
than a Brillouin zone dimension. The majority of the high 
field oscillations are observed only in the region V'<'/'^(exp). 
(exp) is the experimental value for as determined 
by the magnetoresistance measurements of Alekseevskii et 
ale (i960). The two dimensional region cannot support 
extended orbits. Furthermore, these oscillations have a 
phase of zero and show a resonant half width. Hence the 
oscillations are interpreted as resonant type oscillations 
due to open orbits. The momentum is calculated from 
Equation 18, This measured momentum, is taken to be a 
calipered dimension in the direction £ x H. From our 
model the net open direction is in the (001) plane. Hence, 
K, the periodicity of the open orbit, is related to 
by the relation 
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where 0 is the angle between the vector £ x H and the vec­
tor defined by the intersection of the plane perpendicular 
to H and the (001) plane. This geometry is illustrated 
in Figure 38. Figure 39 is a stereogram showing the 
regions in which the high field orbits are observed. 
Points labeled A and B on this stereogram show the 
directions of magnetic field for which all the values of 
extrapolate to zero (see Figures 20 to 23). Points 
A correspond to H in the (100) plane and points B to" H 
in the (110) plane. The direction of £ and the planes in 
which the magnetic field is rotated are as shown'-. 
The square region centered on <001) is the region in 
which Alekseevskii and Gaidukov (I96O, I96I) have observed 
open orbits for all directions of magnetic field; i.e., 
this region is a two dimensional region of open orbits. 
Figure 37 shows a simplified' model of the electron 
surface of zone 4(a). The posts have been taken to be 
cylinders, and the crimped surfaces as flat planes. Elec­
tron orbits on this surface are shown for 
The Brillouin zone dimensions are related to the 
periodicity K by the equation 
d = K sin 6. ' 
(see Figure 38(b)), where c' is the angle between the 
vector defined by the intersection of the plane perpendicular 
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Figure 38. Geometrical illustration of the dimensions 
obtained from the high field oscillations 
Figure 39- Stereogram showing the magnetic field regions for which high 
field oscillations were observed 
Points A indicate magnetic fields in the (100) plane and 
points B, the (110) plane. The directions of wave propaga­
tion are labeled by circles. The arcs of great circles 
correspond to the planes In which the magnetic field is 
rotated. 
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to H and the (001) plane, and the direction <110) (or <100)). 
The zone dimensions measured are 2rx in the <110) direction 
and PL in the <100) direction. The angles g and e' may be 
determined from #(H) and the direction Figure 40 shows 
the geometry for this case. The angles shown are defined 
in the following manner; 
0 - angle of rotation of the plane normal to 
H about 2" 
Ô - angle between the (001) plane and the plane 
perpendicular to H. 
9 - angle between £ and the line of intersection of 
the (001) plane and the plane perpendicular to H. 
g - angle between the (001) plane and 2» measured 
in the plane containing £ and £ x H. 
e - angle shown. 
These angles are related by the equations 
cos § = cos (3 sin 0 . 
sin £'= tan g ctn 6 
cos 0 = cos e' cos | 
A computer program was written to calculate the angles 0 and 
£*, and hence Kp and d. This program is listed in Appendix 
D. 
The measured direction of the wave vector £ was adjusted 
so that calculations,gave a best fit to the experimental 
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Figure 40. Illustration of the geometry involved in the 
reduction of the high field oscillatory data 
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angle between the points H In the (110) plane and H in the 
(100) plane. In all cases this adjustment was less than 
+ 1/2 degree. 
Four crystals were investigated in detail; Sn 19> 
Sn 35 Sn 23 and Sn 5^. In Sn 19j Sn 3, and Sn 23 data 
were taken at .1° intervals of magnetic field angle. 
Sn 54 data were taken at .5°intervals. The dimensions d 
averaged for each crystal are listed in Table 3. The 
Table 3. Experimental values of 2rx and TL obtained 
from aperiodic open orbits 
2rx(io^ cm~^) rL(io^ cm~^ ) 
Sample Measured Calculated Measured Calculated" 
19 1.61 1.53 1.13 1.08 
3 1.63 1.53 1.08 1.08 
23 1.61 1.53 — — 1.08 
5 U  1.60 1.53 1.08 
experimental values for 2rX are approximately greater 
than the calculated values. The error in the elastic 
constants varies between 0.7^ (for C^^) and 3% (for C^^). 
( Rayne and Chandrasekhar, i960. ) Since the calculated 
velocity is obtained from a combination of elastic con­
stants, an estimate of 5% error in the velocity is quite 
realistic. Magnetic field values are obtained to Vfo\ 
the overall experimental error is approximately G%, 
Hence there is agreement within experimental error be­
tween the calculated and experimental values. 
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The experimental values for ZfX appear to be consis­
tently larger than the calculated dimension. It is tempt­
ing to explain this apparent fact in the following manner: 
Since the open orbits in question are aperiodic, the Fourier 
integral of Equation 9 may not be replaced by a summation. 
If a strong periodicity exists in the integral, then it 
may be approximated by a summation (Equation 10). Evidently 
there is a dominant periodicity present in these orbits 
which allows this approximation to be made. The calculated 
dimension K. may be undefined by something like the diameter 
of a post (see Figure 37). For a K value of approximately 
20rx this uncertainty is about one part in 20 or 5%-
This argument fails when the plane of the open orbit 
is in a direction of a rational index (as for example the 
orbit directions shown in Figure 37). In this case the 
periodicity should be related to an exact dimension of the 
Brillouin zone, while experimentally it appears to be too 
large. 
It is possible that exact alinement of H along a 
rational direction can never be attained due to small 
variations in the magnetic field direction over the length 
of the sample. 
The half width of these aperiodic resonant oscilla­
tions is expected to sharpen more slowly than in the case 
where K is a Brillouin zone dimension; since for the 
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latter case, all orbits have the same Q and hence the 
velocity may be expanded as a summation (Equation 10). 
Figures 27 and 28 show that indeed this is the case (a 
comparison of Figures 27 and 28 with Figure I9 illustrates 
this point). 
Open orbit resonances which have a periodicity of 
the Brillouin zone dimensions (2rx or 2rL) are expected 
when the magnetic field is in a (110) or a (100) type 
plane. The oscillations observed over a narrow range 
(+ 4°) of $(H) in samples Sn 6 and Sn 55 are interpreted 
as resonant oscillations due to the open orbit along <110). 
In these cases £ x H is in the(llO) direction and K^^^=K. 
The values of K as calculated from Equation I8 are .76 x 
10^ cm ^ for Sn 55 and .75 x 10^ cm~^ for Sn 6 (H in the 
(110) plane). Both these values are within experimental 
O -, 
error of the value .763 x 10 cm" calculated from the 
lattice constants. The half width of the oscillations 
shows a resonance effect as is seen in Figure 19. The 
mean free path obtained from Equation 19 is approximately 
.04 cm, in good agreement with the estimates of section 
4.1. 
No low field resonant oscillations were observed for 
H in the (100) plane. These oscillations are expected to 
be small and if present are probably masked by the rela­
tively large closed orbit oscillations seen in samples. 
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Sn 15 and Sn 19. 
5.3. Frequency Independent Oscillations 
The frequency independent oscillations arise from 
periodic changes in the density of states near the Fermi 
surface. The period P(H~^) of the oscillations is related 
to the extremal area of the Fermi surface normal to the 
magnetic field direction by the relation (Onsager, 1952) 
PC-') = ^  . 
1 
A is the extremal area in reciprocal space. 
The two series of oscillations, A and B, observed in 
sample Sn 14- and shown in Figure 12 had a period of (A) 
5.7 X 10 gauss ^ and (B) 3.0 x 10"^ gauss"^ for H along 
<001> » These values are estimated to have an error of 
+ 5^J since no special care was taken in measuring the 
magnetic field values. Both periods are maximum for H 
along <001). This corresponds to a minimal cross-sectional 
area normal to this direction: The oscillations (B) are 
probably due to orbits 36. The free electron model gives 
4.5 X 10"^ gauss"^ for the period of 3ë. Oscillations (A) 
could arise from orbits on the second zone of holes, 
— 7  —1 Orbit 2a' has a period of 6.0 x 10" gauss" . Both orbits 
3 6 and 2a' agree in period and angular range with the 
experimental values. The amplitude of the oscillations is 
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-ATH temperature dependent through a factor e ^ . (On-
sager 1952). The oscillations observed are due to elec­
trons with a low value of effective mass. The free elec­
tron model gives m*/m values of .05 for 2a' and .06 for 
3*. 
5.4'. High Field Rotation Curves 
According to the model, open orbits exist for some 
directions of H in all samples. If induction absorption 
2 is appreciable an attenuation which varies as H should 
be observed for appropriate directions of £ and H. The 
saturation of the attenuation in all cases for large mag­
netic fields shows that the deformation mechanism of 
absorption is dominant for the frequency and magnetic field 
range investigated. Since tin is even valenced it follows 
that 3ig=n^ and the high field attenuation is described by 
Equation 20b. The integrals which reflect the deforma­
tion in a plane section normal to the magnetic field direc-
I 
tion, are integrated over all k directions in Equation 20b. 
The resultant attenuation is related in some complicated 
manner to the deformation. A high deformation or large 
curvature of the Fermi surface gives a large high field 
attenuation. 
In all crystals investigated the attenuation increased 
as the magnetic field approached the (001) plane. This 
indicated a large Fermi surface curvature in the <001> 
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I 
direction. 
For H along <001) the electrons travel on the same 
orbits for q along <100) (Sn 1?) and for q along <110) 
(Sn l4). The fact that the attenuation for q along <110^ 
is larger (by a factor of 2) than for q along <100) shows 
that the curvature is much larger in the <110) direction 
than in.the <100> direction. The attenuation (curvature) 
is greater along the <001) axes for orbits in a (100) 
plane than those in a (110) plane by a factor of 3. 
For planes parallel to the <001) axes the curvature 
is larger in the <110> direction than in the <100> case 
as is seen from the attenuation values for sample Sn 11. 
This large curvature in the <110> direction is in agree­
ment with the conclusions of section 5-2. The angular 
regions where there are large changes in the attenuation 
may be interpreted as directions in which the type of . 
orbit changes. For example, well defined oscillations 
exist only in the region of low attenuation in Sn 17. 
This is in good agreement with the zone 4a nearly free 
electron construction. 
5.5. Longitudinal Magnetic Fields 
The most striking feature of these results was the 
observation of the large absorption edge seen in Figures 
33 to 35. 
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The "oscillations" at low fields in these figures 
are thought to be due to electrons which exhibit periodic 
motion in the direction of the field. Oscillations of 
thin type hsve been observed in cyclotron resonance mea­
surements irj tin by Koch and Kip (I962) and in magneto-
acoustic measurements in tin by Mackintosh (I963). These 
authors attribute the' cause of these oscillations to the 
same mechanism. Orbits which give rise to oscillations 
of this type have been discussed by Mackinnon and Daniel 
(1962). A number of surfaces in the nearly free electron 
model could support these orbits. 
Evaluation of Equation 25 gives, for the angle of 
rotation of the plane of polarization, a value of n/lOO 
at a frequency of 10 Mc/sec. Fawcett's (196O) value of 
Vp was used for v ^ Correspondingly, this polarization 
angle Is n/lO at 100 Mc/sec= Hence the polarization 
rotation effects in tin are expected to be smallo Experi­
mentally no polarization rotation effects were observed 
in the frequency range of 10 to 70 Mc/sec. Points of 
minimum attenuation, aside from the low field "oscilla­
tions" described above, are interpreted as absorption 
edges. 
The H/f values of the absorption edges and the cor­
responding X values determined from Equation 24 are listed 
in Table 4. 
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Table 4. Position of observed absorption edges and 
calculated radii of curvature 
H/f(KG/MC) %l/2(10"?cm) 
A) .022 1.0 1.0 9.1 
B) .039 .55 1.8 3.0 
c) .061 .35 2.9 1.2 
D) .24 .083 12 .069 
.0205 '* 1.07 
ON 1 * 11.4 
.028* .78 1.28 6.0 
.0475 '* .47 2.13 2.2 
oc 0
 
0
0
 c
 ^ .27 3.70 .73 
.109* .21 4.76 .44 
Largest absorption edge. 
""Data obtained by Mackintosh (I963). 
These X values were obtained from extrapolation of 
the data in accordance with the curve of Kjeldaas. The 
absorption edges B and D could be readily observed at all 
frequencies and the H/f values determined accurately. Edges 
corresponding to H/f values, A and C were accurately measured 
only at 70 Mc/sec. The magnet current supply instability 
prevented measurement of these rather small absorption 
edges at lower frequencies. 
In the case of propagation along a four fold axes, 
the two principal radii of curvature are equal. Equation 
—1/2 24  in this case determines the radius of curvature X'~ 
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of the Fermi surface in the <001) direction. Equation 24 
is obtained by using an ellipsoidal Fermi surface shape. 
Along a four fold axis the ellipse degenerates to a circle 
(in a plane normal to (001) ). The value is appli­
cable to a circular cross section of Fermi surface and 
only Indicates the curvature for the general case. 
The main absorption edge, B, gives a radius of curva-
8 —1 ture of .18-10 cm" . This curvature is attributed to the 
surface in zone 4(a). The high field attenuation change 
observed is small. The H/f position of this high field 
attenuation minimum was observed at all frequency values 
investigated in the region 10 Mc/sec to 110 Mc/sec. The 
8 1 
calculated radius of this absorption edge of 1.2*10 cm" 
may be associated with the fifth zone electron surface 
centered at P . The Bragg reflection plane would reduce 
the nearly free electron curvature along the <001) axes 
of this surface, and modify the surface so that it would 
support the low curvature observed. 
5.6. Geometric Oscillations 
Values of ^ obtained from Equation 6 for well 
defined oscillations which existed over an appreciable 
angular range are plotted in Figures 41-4-5 c The periodi­
city corresponding to these momentum values was determined 
from plots of n vs The values enclosed by 
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K(10®cm') VS. «^(H)( DEGREES) 
Figure 4l. Calculated momentum values as a function of 
the direction £ x H; Sn 11 
Bragg planes of the (100) type are shown "by 
dashed lines.0(H) is in the direction £ z H. 
In this figure Kp is taken to be the Fermi 
momentum in reciprocal space. 
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(001) 
6 
.4 
.2 
<I00> 
Sn 17 
Kexp (I0®cm*') vs. $ (H) (DEGREES) 
Figure 42. Calculated momentum values kp as a function of 
the direction £ x H: Sn 1? 
In this figure Kp is taken to be the Fermi 
momentum in reciprocal space. 
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Figure 43. Calculated momentum values ko as a function 
of thedirection £ x H; Sn 19 
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Figure 44. Calculated, momentum values as a function 
of the direction £ x H: Sn ^ I5a 
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Figure 45. Calculated momentum values kp as a function of 
the direction o[ x H: Sn l^b 
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circles could be determined with an accuracy of 2 to 
The main source of error is in the values of the acoustic 
velocities. The sound velocities are known to 1% for 
samples Sn 11 and Sn 17 (£ along <001) and <100>), and 
to about 4^ for Sn 15 and Sn 19. The points enclosed 
by squares have an uncertainty of 6%. The periodicity of 
the 6% kg values was determined by 2-3 values of 
The interpretation of the data which gave the k^^p values 
labeled by filled squares is not unique. 
The kg^p values for Sn 11 are attributed to orbits 
of the type 5V• The nearly free electron construction 
in the (001) plane through P for this surface is shown in 
Figure 4l. Bragg reflection planes of the <110> type 
intersect the construction as shown. The electron orbit 
is required by symmetry to pass through these planes in a 
normal direction. This symmetry requirement thus modifies 
the construction so that the orbit has the same general 
shape as the experimentally determined one. 
The experimental results for H within 35° of the <001> 
direction for Sn 17 agree within the experimental error 
of 3^J both in size and angular range with the free elec­
tron construction for the zone 4(a). These oscillations 
are identified with orbits 4(a)%. There is strong inter­
ference at high fields which causes the first harmonic of 
these oscillations to be absent. The curvature for this 
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geometry is fairly high. To explain the well defined 
oscillations the dimension must be fairly constant 
A 1 
over an appreciable range of k* (z-H) values. The nearly 
— I 
free electron construction shows the post curvature along 
the axes to be relatively flat and in good agreement with 
the experimental results. 
The oscillations which have a period of approximately 
twice that of the main set are probably due to the zone 5 
8 X 
"wedge" and "wheel" surfaces. The kp values of 0.5*10 cm" 
for q X H along <001) may correspond to orbits 4(a)\ or 
Similarly the momentum deduced for H along (100), 
Sn 19 J may be attributed to the same orbits. These oscil­
lations are very weak as is expected from the model for 
the relatively large curvature of 4(a)^ and the small 
weight of orbit 5Ç' in this direction. The longitudinal 
field data of section 5.5 indicate that the momentum should 
be attributed to orbits 5^'. 
The angular regions in which prominant attenuation 
maxima occurred, as cited in section 4.2, will not be dis­
cussed as no unambiguous interpretation has been found 
for these maxima. 
The momentum values observed in Sn 19 in the angular 
range 40<$(H)<90° cannot be associated with zone 4a as 
the angular range over which the orbits exist is too great. 
Of the other nearly free electron surfaces only that of 
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zone 4b and the electron surface located at the top of 
zone 5> the "wheel" and "wedge" surface, can support the 
large momentum values observed. 
By a similar argument, the momentum values observed 
in Sn 15 are attributed to the zone 4(b) or to the zone 5 
electron surfaces. Two distinct sets of momentum values 
were observed. The low field, approximately 0 to 1.5 KG, 
oscillation pattern is shown in Figure 46. The angle 88° 
corresponds to H in a (110) plane. The two momenta ob­
served have approximately the same period but differ in 
phase. Figure 4? shows this phase difference to be TT for 
H in a (110) plane. These oscillations do not have a 
resonant half width as is seen by Figure 48. One set of 
oscillations called 15-a is due to orbits which exist in 
the region 40<è(H)<90. If Î is defined as the minimum 
angle between the plane perpendicular to H and a plane 
parallel to <00l> , then orbits corresponding to 15-a exist 
in the region l8'^^£30°. The other set, 15-b orbits, exist 
when O^^fOO^. Similarly,orbits giving the Sn 19 momentum 
values exist in the region 33°<!?i.58°. 
The Sn 19, 15a, and 15b momenta suggest a minimum 
Fermi surface dimension along <100>. Sn 15(b) gives a 
maximum value of momentum for H in the (110) plane. This 
is in general agreement with the surface of zone 4(b) 
although the connectivity would have to be greatly changed 
Figure 46. Acoustic pulse height vs. magnetic field 
for Sn 15 at 110 Mc/sec 
The magnetic field range of the curves Is 
approximately 0 to 1.5 KG. The angle 88° 
corresponds to H In a (110) plane. The 
magnetic field Is rotated In a plane per­
pendicular to £. An arbitrary zero was 
chosen for the magnetic field angle. 
PULSE HEIGHT ( ARBITRARY UNITS) 
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Figure 4?. Pulse height as a function of magnetic field for H In the 
(110) plane; Sn 15 
PULSE HEIGHT (ARBITRARY UNITS) 
o 
o 
ro 
Cll 
Figure 48. Pulse height as a function of reciprocal 
magnetic field for H in the (110) plane: 
Sn 15 
The half width of the oscillations are as 
indicated. The amplitude scale for differ­
ent frequencies are not the same. 
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to support the large magnitude of the momenta observed. 
The cut off for angles of {* observed in Sn 19 and Sn 15(a) 
suggests that these orbits are associated with the zone 5 
"wheel" and "wedge" surfaces which would have to be multiply 
connected to cut off these orbits and to support the large 
momentum values observed. 
The changes in the zone 5 surface would be quite 
major if this surface is to be modified to fit the data. 
In particular, rather large orbits must exist for H in the 
(110) plane. As noted previously, the connected "wheel" 
and "wedge" surface supports open orbits In the <100) 
direction. 
The momentum values for non-symmetry directions of 
2 are difficult to interpret since the magnetoacoustic 
oscillations give a calipered dimension in the 2. x H 
direction. For H along a symmetry direction the electron 
orbits, which are in a plane perpendicular to H, possess 
some symmetry properties. In this case the momentum 
measured is more easily related to the Fermi surface 
dimensions. 
The samples Sn l4, Sn 6, and Sn 55 gave very complex 
oscillation patterns and no momentum values could be de­
duced. Well defined oscillations were observed in Sn 12 
and Sn 5^» No series of oscillations could be followed 
over an appreciable angular range of $(H) and no momentum 
13 7 
values are reported on these specimens. The oscillations 
observed in Sn 12 may be correlated with those of Sn 17, 
and approximately the same momentum values obtained. 
However there is much mixing in the oscillation pattern 
observed and the interpretation is ambiguous. 
The magnetoacoustic oscillations in samples Sn 3» 
Sn 22, Sn 23, and Sn 28 were well defined but exceedingly 
complex and were not analyzed in detail. Some of these 
oscillations can be seen in the low field region of 
Figures 24 and 25. 
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6. AVAILABLE INFORMATION ON THE 
FEEMI SUEFACE OF WHITE TIN 
I 
6.1, d-e Haas-van Alphen Effect 
The de Haas-van Alphen effect has been studied by 
Gold and Priestley, (I960). These authors divide the ob­
served periods in two groups: long period oscillations 
and short period oscillations. Their long period oscil­
lations A and B agree with the frequency independent 
oscillations A and B of section 5.3. Gold and Priestley 
(i960) attribute these oscillations to orbits 35 and 5u 
while the results of section ^.1 indicate the orbits to 
be 3 6 and 2a'. It is puzzling that Gold and Priestley 
observed no period corresponding to the surface shown in 
Figure 4l. The period of this orbit is calculated to be 
—*7 —1 1.1 (10 ) gauss" and should be favorable for de Haas-
van Alphen observation. 
The de Haas-van Alphen oscillations interpreted as 
' 8 —1 4(a)r have a period of .88*10" gauss" , which corresponds 
to a cross sectional area of 1,05*10^^ cm"^, and is in 
agreement with the nearly free electron model. From 
Chapter 4 the <100> dimension of the this orbit agrees 
with the nearly free electron construction. It appears 
then that the (110) dimension is also given by the nearly 
free electron model. It should be noted that the de Haas-
van Alphen oscillations corresponding to a period of 1,8*10 
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gauss"^ may also be interpreted as due to orbits ^(a.)Ç. 
This would reduce the dimension of this orbit in the <110) 
direction. Gold and Priestley (i960) find that the fifth 
zone of electrons must be multiply connected to explain 
their data. This conclusion is in agreement with the 
present investigation. 
6.2. Magnetoresistance 
The results of Alekseevski and Gaidukov (I96O, I961) 
show that the Fermi surface of tin supports open orbits 
along (li_0) and (100) . Apparently [Alekseevski and 
Gaidukov (196l)j the stereogram of the two dimensional 
region of open orbits according to Alekseevski et al. 
(i960), should be rotated by 45°. This is in agreement 
with the nearly free electron model and with the results 
of section 5.2. In Figure 39 of section 5*2 the two 
dimensional region of open orbits has been rotated by 45° 
from the figure given by Alekseevski et aJ.. (I960). There 
still exists some confusion concerning the interchange 
of the directions <110> and <100). However it is thought 
that the region shown in Figure 39 is correct. 
One dimensional regions extend to the basal plane in 
the directions <110) and (100). The observation of 
resonant oscillations in samples Sn 3, Sn 23 and Sn 54 
for H near the points A show that the two dimensional 
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region should be extended approximately 5° in the <100) 
direction. In Sn 19 oscillations were observed near 
points A only for H inside the two dimensional region. 
Alekseevski £t a2. (I960) estimate the fourth zone 
8 1 posts to have a height of 1.1*10 cm" , and a diameter 
8 1 
of 1.2.10 cm" , in general agreement with section ^ .1. 
6.3. Hall Effect 
Kachinskii (1962) has investigated the Hall effect 
in tin. The results obtained are in agreement with the 
magnetoresistance measurements of Alekseevski ejfc al. 
6.4. Cyclotron Besonance 
The most detailed study of cyclotron resonance in tin 
has been carried out by Khaikin (1962a, 1962b), The ob­
served effective masses are in fair agreement with the 
de Haas-van Alphen masses. However, Khaikin observes an 
effective mass of m*/m which is in good agreement with 
the effective mass estimated from Figure 4l of .4. Gold 
and Priestley do not report periods corresponding to this 
mass. 
The observation of small values of m*/m is difficult 
with the frequency of 60 KMc/sec used by Khaikin (1962a). 
He reports no effective masses less than .1. Hence no 
comparison can be made to the two small sections of the 
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Fermi surface reported in 5.3 Khaikin (1962b) found the 
(100) diameter of the zone 4(a) surface to have magnitude 
and angular range in very good agreement with the free 
I 
electron construction and hence in agreement with Chapter 
5. The results of other cyclotron resonance investiga­
tions are in agreement with the work of Khaikin. 
'6.5 Size Effect 
Gantmakher (19^3) has used a size effect experiment 
to obtain information on the Fermi surface of tin. His 
data give a good fit to the free electron model, in parti­
cular to the zone 4(a). Gantmakher erroneously concludes 
that the zone 4(a) nearly free electron model, cannot 
support open orbits in the <100) direction; to explain 
the magnetoresistance data he concludes that the fifth 
zone of electrons is multiply connected and open along 
(100). The plane sections in Appendix G show that open 
orbits exist on the 4(a) zone surface and that this sur­
face can support all the open orbits observed experimental­
ly. However, the oscillations Sn 15a, 15"b and 19 of 
Chapter 5 and the results of Gold and Priestley indicate 
that the fifth zone is open in the direction <100), 
6.6. Magnetoacoustic Effect 
Magnetoacoustic effects in tin have been investigated 
in some detail by Olsen (1963a, 1963b), Mackintosh (I96O, 
122 
1963J 1964), and Galkin et al. (I96O). 
01s8n (1963b) calculates some momentum values from the 
field position of one attenuation peak. Due to the possi­
bility of misnumbering the attenuation peak and to the 
possibility of a large phase angle these momentum values 
have a large error associated with them. 
Olsen (1963b) observed a series of oscillations for q 
along <100) and HO0° from the (001) axis. For H along 
O 
(001) he finds a momentum of .45 *10 cm" . From the 
results of section ^.6 and Khaikin's measurements, this 
I 
value appears to be about 10% low. 
In agreement with section Olsen found the attenua­
tion to saturate at low frequencies in magnetic fields to 
6.5 KG. The saturation values of the attenuation was pro­
portional to q^. Using a fitting procedure Olsen (1963a) 
calculated an electron mean free path of approximately 
_2 10 cm. This is in reasonably agreement with the values 
obtained in Sections 4.1 and 5«2. 
In a preliminary study, Mackintosh observed regions 
of non-saturation of the attenuation at a frequency of 
80 Mc/sec. and a magnetic field of 13 KG; and concluded 
from the criterion of Pippard that (110) , (100), and (001) 
were open directions. The results of Chapter 4 and of 
Olsen show that the high field attenuation saturates for 
all directions of 2 and H, and that Pippard's criterion is 
not applicable. 
Mackintosh (I963) observed large attenuation changes 
with magnetic field for shear waves propagating in a longi­
tudinal magnetic field: In particular for q along (001) 
Mackintosh found five absorption edges, the maximum attenua­
tion change corresponding to a X value of 11.4 «10^^ cm~^. 
Mackintosh's (1963) curve resembles the 70 Mc/sec curve 
shown in Figure 35. The data of Chapter 4 show that the 
X value at the maximum absorption edge is 3.0 "10^^ cm~^ 
15 -2 
and not 11.4 «10 cm" as Mackintosh (I963) indicates. 
The interference of the absorption edges at 80 Mc/sec 
probably accounts for the apparent mislabeling of the 
maximum absorption edge. 
The experimental error in the H/f values determined 
from the curves of Figure 35 is % 7% Due to magnetic 
power supply instabilities it was not possible to see all 
of the small absorption edges which Mackintosh (I963) 
observed. 
Galkin et al. (I960') have investigated the magnetic 
field dependence of the attenuation for q along five dif­
ferent crystallographic directions. They interpret the 
oscillations found for q along <011) and H in the (110) 
plane as resonant type oscillations. This direction, (Oil) , 
coinsides with that of Sn 15. A detailed investigation 
of these oscillations show that they consist of two distinct 
sets. In contrast to the resonant oscillations of section 
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5.2, the oscillations In Sn 15 exist over a wide range 
of magnetic field angle. Further, these oscillations 
do not exhibit a resonant half width for H In the (110) 
plane, (See Figure 48). The oscillatory pattern Is shown 
In Figure 46, The angle i,(H)=88° corresponds to the case 
of H In the (110) plane. One set of oscillations cannot 
be seen for $(K)>55° while the other set exists for all 
angles i(H), Galkln £t ^ .'s conclusion that open orbits 
exist in the (110) direction appears to be based on in­
correct interpretation of the data. 
Oscillations of the resonant type are expected in the 
exact position of the oscillations observed (see Figures 17 
and 4?) for ®(H)»88° (Sn 15), and for the case of H in the 
(110) plane (Sn 19). If the oscillations are interpreted 
as resonant oscillations, then a dimension can be calculated 
which is within of the Brillouin zone dimension TX, It 
appears that both closed and open orbit oscillations may 
exist for these geometries and that the oscillations 
would add in phase. The oscillations observed in both 
cases appear to be of the geoïaetrical type only; resonant 
oscillations (if present) are not detected. 
Galkin ejt (I960) interpret the momenta found for 
q along <00l) to be due to the orbit 4(a)Ç, The results 
of section 5.5 attribute these momentum values to the orbit 
5Ç'. No interpretation is given of other momentum values 
reported in the work of Galkin et al. 
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6.7. Theoretical Considerations 
Mase (1959) pointed out that crystal symmetry requires 
the energy gap to be zero along the lines XL and XP of the 
Brillouin zone (Figure 36). It is obvious that the possi­
bility of magnetic breakdown (Blount I962) exists. For a 
large magnetic field breakdown could be effective over an 
appreciable portion of the <110) face. The main effect of 
magnetic breakdown would be that an electron initially on 
an orbit of zone 4(a) could "jump" to zone 3, then return 
to zone 4(a) directly, or via the route zone 4(b)-zone 3. 
Other orbit combinations are also possible. Magnetic break­
down would cause the two dimensional magnetoresistance 
region of open orbits to be greatly reduced. The amalga­
mated zone 3-zone 4 surface would not support the orbits 
'which give rise to the high field resonant oscillations. 
The observation of these oscillations show that there is 
no magnetic breakdown which modifies the zone 4(a) surface 
for ÎK20 KG. Gold and Priestley (I960) find no evidence 
of anomalously large orbits in magnetic pulsed fields to 
150 KG for H along <001> . 
It is tempting to attribute the non-observation of 
the orbits in Figure 4l by Gold and Priestley (I960) to 
magnetic breakdown effects. However, breakdown across the 
(110) type planes would give rise to a zone 5-zone 3 sur­
face and would not alter the extremal cross sectional 
area of the zone 5 orbit (orbit y in Figure 36), 
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The calculations of Maisek (I963) indicate that the 
first two zones for white tin are completely occupied by 
electrons. If this is the case, then the oscillations (B) 
of section 5-3 cannot be attributed to the orbits 2a'. The 
observations of the three rather small surfaces would re­
quire modification of the free electron model. Some of 
these periods could possibly be attributed toi the 6 
zone surfaces, but it is likely that this zone is empty. 
(Maisek, I963). 
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7. CONCLUSIONS 
The results of Chapter 5 show that the nearly free 
electron model reproduces many features of the Fermi 
surface of white tin. The surface in zone 4a supports 
the open orbits observed experimentally. The momentum 
values observed for q along <100> and H within + 35° of 
^001> agree in magnitude and angular range with the nearly 
free electron construction of zone 4a. The zone 5 sur­
face centered at T, modified to satisfy symmetry require­
ments, can account for the low field oscillations observed 
in sample Sn 11. To explain the oscillations 15a, 15^) and 
19 on the nearly free electron model, the "wedge" and 
"wheel" surfaces of zone 5 must be connected and the shape 
of the zone 4b surface altered considerably. 
The curvatures obtained, mainly from the high field 
rotation data and the longitudinal magnetic field data, 
show general agreement with that of the nearly free elec­
tron model. 
The results of Chapter 5 suggest that the second zone 
of electrons is not full. 
Absorption edges were observed for the case of linear­
ly polarized shear waves with a propagation direction along 
<001> in a longitudinal magnetic field. The position in 
f/H of the two main absorption edges was found to be inde­
pendent of frequency and path length in the frequency 
range of 10 to 70 Mc/sec. 
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Resonant oscillations arising from both periodic 
and aperiodic open orbits were observed. -All of the 
resonant oscillations could be attributed to orbits on 
the zone 4a surface of the nearly free electron model. 
The regions of magnetic field for which the aperiodic 
resonant oscillations were observed suggest that the two 
dimensional region of open orbits as determined by 
Alekseevski e_t aA. (I96O, I96I) should be increased ap­
proximately 5 degrees in the <100) direction. 
The attenuation was found to saturate in high magnetic 
fields (20 KG.) for all directions of £ and H Investigated. 
This showed that the induction mechanism does not contri­
bute to the attenuation in this region and that the cri­
terion of Pippard (I96O) for open orbits must be used 
with caution. 
When a comparison is possible, the data of Chapter 4 
are in agreement with magnetoacoustic data reported in 
the literature. However, the interpretation of the data 
differs in many important respects as cited in Chapter 5-
The conclusions of Chapter 5 are in general agreement with 
the cyclotron resonance work of Kahikin ejb a2. (1962a, 1962b) 
and the interpretation of the magnetoresistance data by 
Alekseevski and Gaidukov (i960, I96I). 
The data showed that the magnetoacoustic oscillations 
in tin were very complex. A continuous wave method, in 
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which the magnetic field was modulated, was used to study 
in detail the regions of low magnetic field. No new os­
cillations were observed at by this method although 
the signal to noise ratio was improved over that of the 
pulse method by a factor of % 10. 
1-
From the results of Gelkin et aJ. (I96O) apparently 
no large momentum values, aside from those reported in 
this dissertation, were observed at 200 Mc/sec. The 
results of all of the magnetoacoustic studies in white 
tin show that the magnetoacoustic oscillatory pattern 
is very complex and the data 'difficult to interpret. 
If would be of interest to study oscillations of 
the type observed for H in the (110) plane in Sn 15 and 
Sn 19, in more detail. However, a further general study 
of the Fermi surface of white tin by the magnetoacoustic 
method would not appear to be particularly useful until 
a more detailed picture of the Fermi surface is available. 
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10. APPENDIX 
10.1. Appendix A: Determination of Sound 
Velocities, Fortran Program 
In a crystal having tetragonal symmetry the equation 
which determines the three sound velocities may be written 
as (Mason (1958 ) ) 
(Cgg+C^2)lm 
0 = 
(Cn+C..)ln (C^,+0,,)im Ci^.(l=^+m2)+c„n2-fY2 
The elastic constants to and density j> have been 
determined by Eayne and Chandrasekhar (196O) at a tempera­
ture of 4.2 °K. 1, m, and n are the direction cosines 
of the propagation 2 with respect to the crystallographic 
axes. The Fortran Program to solve this equation is listed 
on the following page. EIGEN is listed under distribution 
number 707401 6 33100007 at the Ames Laboratory Computation 
Center, Ames, Iowa. 
START ACCNT A0086 SKEARNEYa 10 MINUTES 
COMPILE RUN FORTRAN LIST 
C KEARNEY X-2345 220 RESEARCH 
C 
DIMENSION A(10,10),S(10),VtL(l0),VEC(10,10) 
READ 101,N,RHO 
REWIND 3 
10 READ 105 
READ 102,{(A(I,J),J=1,N),I=liN) 
IF(A(1,1)lib,20,15 
15 REWIND 2 
DO 16 1=1,N 
16 WRITE TAPE 3,(A(I,J),J=I,N) 
CALL EIGEN(N,+N,3,2,0) 
REWIND 2 
READ TAPE 2,(S(I),I=1,N) 
DO 17 1=1,N 
17 READ TAPE 2,(VEC(I,J),J = 1,N ) 
DO 18 1=1,N 
18 VEL( I) = SQRTF( S( n/RHO) 
WRITE OUTPUT TAPE 10,103 
WRITE OUTPUT TAPE 10,105 
WRITE OUTPUT TAPE 10,106,(VEL(I),I=1,N) 
WRITE OUTPUT TAPE 10,106,(S(I),1=1,N) 
DO 19 1=1,N 
19 WRITE OUTPUT TAPE 10,106,(VEC(I,J),J=1,N) 
GO TO .10 
20 STOP 00 
101 FORMAT!12,F5.3) 
102 FORMAT!6E12.6) 
103 FORMAT!31H1 KEARNEY 220 RESEARCH X2345 ) 
105 FORMAT!72H 
1 ) 
106 FORMAT!IH 6E19.6/) 
END 
END ACCNT A0086 SKEARNEYa 10 MINUTES 
Fortran Program 1. Determination of Sound Velocities 
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10.2. Appendix B: Determination 
of Fortran Program 
c CALCULATE l./(HO + {D(I)-DO)•(H-HO)/(D-DO)) BK 1 
c BK 2 
DIMENSION DCIGQ), RECIP(IOO), DATE(3) BK 3 
c READ INPUT BK 4 
100 READ 1100, N, H, HO, Dl, DO, XAL,ANG, F, DATE BK 5 
1100 FORMAT (15, 2F5.3, 5F5.2,3A5) BK 6 
c DK 7 
IF (N) 110,110,120 BK 8 
c END OF PROGRAM BK 9 
110 STOP BK 10 
c START CALCULATION BK 11 
120 READ 1120, {D(I ),I = 1,N) BK 12 
1120 FORMAT (5X 13F5.2) BK 13  
c BK 14 
CONl = (H - HO) / (Dl-DO) BK 15  
DO 130  1=1 ,N  BK 16  
130 RECIP(I) = l./(HO + (DlI)-00)«C0Nl) OK 17 
c BK 18 
140 PRINT 1140, XAL, ANG,F, DATE, (D(I),RECIP(1), 1=1 , N )  BK 19  
1140 FORMAT (1H14X6HX-AL = F5.2,8X7HANGLE = F5.2 ,7X1IHFREQUENCY = F5 .2 ,BK 20  
113X4HDATE 2X 3A5/ / /11X4HD(I)17XaHRECIP(I)//15KF11 . 2 ,F24 .3 )»  BK 21  
c  BK 22  
GO TO 100 BK 23  
c  BK 24  
END BK 25  
Fortran Program 2. Determination of 
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10.3. Appendix C; Nearly Free Electron Model 
The program listed is a slight modification of the 
program used. The original program may be obtained by 
the following procedure. 
Delete the cards between: LATR 019 and LATE AI9 
022 023 
04^ 046 
057 058 
A60 B60 
063 065 
089 090 
098 099 
099 100 
100 102 
106 112 
112 113 
On card LATE 030 change 9^8.0 to 9E8.0 
095 191 220 
096 191 220 
097 191 220 
098 191 220 
On card LATE 053 delete +1.0 
054 +1.0 
058 158 
A6O 161 
B6O 162 
D6O 172 
Change card LATE 100 to read: 195 DO 205 J=l, NP 
Add to the following cards : 
330 SP = ABSF(S(1)-P(J)) LATR 101 
210 PRINT 1210, PSI(I), 8(1),5(2),8(3),( P(K),R(K),K=1,NP) LATR 108 
1210 FORMAT (iHb 43% 9HS VECTOR /llXÔHPSl(I)12X4HS(1)12X4HS(2)13X4HS LATR IO9 
(3 l)l6x4HP(J)l4x4HR(8)// F17.2,3X3E17.8, F15.3, E23,8/(80XP6,3, LATR 110 
E23.8) 2) 
w \o 
Fortran Program 3a. Modification of Program 3 
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C O M P I L E  R U N  
C  
C  
C  
z 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
L A T T I C E  S I T E S  
N  =  -
IC 
A X  
X . Y . Z  
R F  
P H I  
T H E T A  
P S I  1  
O P S  I  
P S I R  
P l l  )  
O P  
P S  
F O R T R A N  L I S T  
A N D  P R O J E C T E D  R A D I I  
,  N B l  N B 2  N B 3  
I N  R E C .  S P A C E  
B S  
E N D  O F  P R O G R A M  
, +  B O U N D S  B  I . E .
B O U N D S  T H E  V O L U M E  
X  T R A N S L A T I O N  
C O O R D I N A T E S  O F  T H E  
F I N A L  R A D I U S  
R O T A T I O N  P H I  C L O C K W I S E  A B O U T  I  A X E S  
R O T A T I O N  T H E T A  C L O C K W I S E  A B O U T  X P P  A X E S  
R O T A T I O N  P S I  C L O C K W I S E  A B O U T  Z P P P  A X E S  
D f c L T A  P S I  
L A S T  P S I  
T A K E  P O  T H R O U G H  C E N T E R  O F  Z O N E  
D E L T A  P  
L A S T  P  
D I M E N S I O N  
1 
D I M E N S I O N  
1 Z I N T P ( 2 5 )  
D I M E N S I O N  
X I 3 ) , Y ( 3 ! , Z ( 3 ) , X P ( 3 ) , Y P ( 3 ) , Z P 1 3 ) f S ( 3 l , P ( 2 5 ) , R ( 2 5 ) ,  
P I ( 1 8 0 I , P S I ( 1 8 0 ) , T I T L E ( 1 0 I  
Y I N T ( 2 5 ) , Z I N T ( 2 5 ) , Y I N T M ( 2 5 ) , Z I N T M ( 2 5 ) , Y I N T P { 2 5 ) ,  
S l ( 3 ) , S 2 ( 3 ) , T l t 3 ) , T 2 ( 3 ) , G Z ( 3 )  '  
P O G O  
L A T R  0 0 1  
L A T R  0 0 2  
L A T R  0 0 3  
L A T R  0 0 4  
L A T R  0 0 5  
L A T R  0 0 6  
L A T R  0 0 7  
L A T R  0 0 8  
D E G R E E S L A T R  0 0 9  
D E G R E E S L A T R  0 1 0  
D E G R E E S L A T R  O i l  
D E G R E E S L A T R  ' : 1 2  
D E G R E E S L A T R  0 1 3  
L A T R  0 1 4  
L A T R  0 1 5  
L A T R  0 1 6  
L A T R  0 1 7  
L A T R  0 1 8  
L A T R  0 1 9  
R A D  =  . 0 1 7 4 5 3 2 9 2 5  
R E A D  D A T A  
A X ,  T I T L E  1 0 0  R E A D  1 1 0 0 ,  N ,  Z C ,  
R E A D 1 1 1 0 , P X , P Y , P Z  
1 1 0 0  F O R M A T  ( I 5 , 2 F 5 . 0 ,  1 0 A 5 )  
P R I N T  1 1 0 1 ,  T I T L E  
1 1 0 1  F O R M A T  ( I H l  9 X  1 0 A 5 )  
I F  (  N )  1 0 5 , 1 1 0 , 1 1 0  
1 0 5  S T O P  8 8  
1 1 0  R E A D  1 1 1 0 , ( X ( I ) , Y ( I ) , Z ( I ) , 1 = 1 , 3 ) ,  
1  R F , P H I , T H E T A , P S I ( 1 ) , D P S I , P S I R , P ( 1 ) , O P , P S  
1 1 1 0  F O R M A T  ( 9 F 8 . Û )  
1111 
P R I N T  1 1 1 1 ,  R F , P H I , T H E T A  
F O R M A T  ( 1 H Û  4 X 4 H R F  =  F 8 . 3 , 5 X 5 H P H I  =  F B . 2 , 5 X 7 H T H E T A  =  F 8 . 2 / / /  
C O N V E R T  D E G R E E S  T O  R A D I A N S  
P H I  =  P H I *  R A O  
T H E T A  =  T H E T A »  R A D  
N P S I  = t  P S I R  -  P S I ( 1 ) ) /  D P S I  + 1 .00001 
L M N  
F N  
C O S P  
S I N P  
C O S T  
S I N T  
=  N  •  N  +  1  
N +  1  
C A L C U L A T E  
C O S F l P H I )  
S I N F ( P H I )  
C O S F t  T H E T A )  
S I N F ( T H E T A )  
T R A N S F O R M  C O O R D I N A T E S  O F  O R I G I N  
C 0 N 2 = P X » S I N P - P Y » C 0 S P  
P X P = P X * C O S P + P Y * S I N P  
P Y P = - C 0 N 2 » C 0 S T + P Z » S I N T  
D O  1 5 0  1 = 1 , 3  
C O N l  =  X ( I ) » S 1 N P  -  Y ( I ) * C O S P  
X P  (  I  ) =  X I I ) » C O S P  
Y P  (  I  ) =  - C 0 N 1 » C 0 S T  
1 5 0  Z P l I )  =  C 0 N 1 * S I N T  
P H I  A N D  T H E T A  T E R M S  
+  Y (  n* S I N P  
+  Z ( I l * S I N T  
+  Z I  I ) " C O S T  
C A L C U L A T E  
-  A X  
R F 2  =  R F *  R F  
R F P S  =  R F  +  P S  + 1 . 0  
Fortran Program 3b. 
C O N S T A N T S  
L A T R  A 1 9  
L A T R  0 2 0  
L A T R  A 2 0  
L A T R  0 2 1  
L A T R  0 2 2  
L A T R  0 2 3  
L A T R  0 2 4  
L A T R  0 2 5  
L A T R  0 2 6  
L A T R  0 2 7  
L A T R  0 2 8  
L A T R  0 2 9  
L A T R  0 3 1  
L A T R  0 3 2  
L A T R  0 3 3  
L A T R  0 3 4  
L A T R  0 3 5  
L A T R  0 3 6  
L A T R  0 3 7  
L A T R  0 3 8  
L A T R  0 3 9  
L A T R  0 4 0  
L A T R  0 4 1  
L A T R  0 4 2  
L A T R  0 4 3  
L A T R  0 4 4  
L A T R  0 4 5  
L A T R  0 4 6  
L A T R  0 4 7  
L A T R  0 4 8  
L A T R  0 4 9  
L A T R  0 5 0  
L A T R  0 5 1  
L A T R  0 5 2  
Determination of Nearly Free Electron 
Fermi Surface 
I4l 
R F P l  =  R F  - P (  1  )  +  1 . 0  
C  C A L C U L A T E  P S U  I  )  D E G R E E S  =  P U D  R A D I A N S  L A T R  
P I ( l )  =  P S I ( 1 ) « R A D  L A T R  
D P I  =  D P S  I  •  R A D  L A T R  
I F  ( N P S l - 1 )  1 6 1 , 1 6 1 , 1 5 8  
1 5 8  D O  1 6 0  I = 2 , N P S I  L A T R  
P S I ( I )  =  P S I ( I - l )  +  D P S I  L A T R  
1 6 0  P i l l )  =  P I (  I - l )  +  D P I  L A T R  
1 6 1  N P  = ( - P ( l ) +  P S ) /  O P  +  1 . 0 0 0 0 1  L A T R  
I F  ( N P - 1 )  1 7 2 , 1 7 2 , 1 6 2  
1 6 2  D O  1 7 U  1 =  2 , N P  L A T R  
1 7 0  P t I )  =  P (  I - l )  +  D P  L A T R  
1 7 2  D O  1 7 4  K = l , 3  L A T R  
1 7 4  G Z ( K )  =  - Z P I K l »  F N  L A T R  
C  P S I  L O O P  L A T R  
D O  2 2 0  I  = 1 , N P S I  L A T R  
C U S S  =  C D S F l  P U D )  L A T R  
S I N S  =  S I N F I  P U D )  L A T R  
C  L A T R  
P T 1 = P X P » C 0 S S + P Y P » S I N S  
D O  1 7 5  K = l , 3  L A T R  
T l ( K )  =  X P ( K ) « C O S S  +  Y P I K ) « S I N S  L A T R  
T 2 ( K )  =  Y P ( K ) « C O S S  -  X P ( K ) * S I N S  L A T R  
S l l K )  =  - T i l K ) * F N  L A T R  
1 7 5  S 2 ( K )  =  - T 2 ( K ) * F N  L A T R  
A 1  =  G Z ( l )  L A T R  
6 1  =  S 2 ( D  L A T R  
C I  =  S I ( 1 )  L A T R  
C  L  L O O P  L A I R  
D O  2 2 0  L = 1 , L M N  L A T R  
A 1  =  A 1  +  Z P ( 1 )  L A T R  
8 1  = 8 1 +  T 2 ( l )  L A T R  
C I  =  C I  +  T l t l )  L A T R  
A 2  =  A 1  +  G Z ( 2 )  L A T R  
0 2  =  8 1  +  S 2 ( 2 )  L A T R  
C 2  =  C I  +  S i ( 2 )  L A T R  
C  M  L O O P  L A T R  
D O  2 2 0  M = 1 , L M N  L A T R  
A 2  =  A 2  +  Z P ( 2 )  L A T R  
8 2  =  8 2  +  T 2 ( 2 )  L A T R  
C 2  =  C 2  +  T 1 1 2 )  L A T R  
S ( 3 )  =  A 2  +  G Z I 3 )  L A T R  
S ( 2 )  =  8 2  +  S 2 ( 3 )  L A T R  
S ( D  =  C 2  +  S I  ( 3 )  L A T R  
C  N  L O O P  S  V E C T O R  L A T R  
I  N 0 = 0  
D O  2 1 9  N = 1 , L M N  L A T R  
S ( 3  I  =  S ( 3 ) +  Z P t 3 )  L A T R  
S ( 2 )  =  S 1 2 ) +  T 2 ( 3 )  L A T R  
S ( D  =  S ( D +  T l ( 3 )  L A T R  
C  L A T R  
I F  I R F P S  -  S I D )  1 9 1 ,  1 8 0 ,  1 8 0  L A T R  
1 8 0  I F  I R F P l  +  S I D )  1 9 1 , 1 8 5 , 1 8 5  L A T R  
1 8 5  I F  I - A B S F I S I 2 ) ) + Z C )  1 9 1 , 1 9 0 , 1 9 0  L A T R  
1 9 0  I F  I - A 8 S F ( S 1 3 ) ) + Z C )  1 9 1 , 1 9 5 , 1 9 5  L A T R  
1 9 1  I F I I N Q i  2 2 0 , 2 1 9 , 2 2 0  
C  P ( J )  L O O P  L A T R  
1 9 5  I N Q = 1  
X L V  =  S l l ) * l C 0 S S * C U S P - C 0 S T » S I N P * S I N S ) - S ( 2 ) » t S I N S « C 0 S P + C 0 S T » S I N P  
1 « C 0 S S ) + S I 3 ) * S I N T * S I N P  
Y L V  =  S ( 1 ) » ( C 0 S S « S I N P + C 0 S T » C 0 S P » S 1 N S ) + S ( 2 ) » ( - S l N S » S I N P + C O S T » C O S P  
1 * C 0 S S ) - S I 3 ) « S I N T * C 0 S P  
Z L V  =  S ( 1 ) » S I N T * S I N S + S ( 2 ) » S I N T » C 0 S S + S ( 3 ) » C 0 S T  
Fortran Program 3. (continued) 
0 5 5  
0 5 6  
0 5 7  
0 5 8  
0 5 9  
060 
A 6 0  
860 
C 6 0  
D 6 0  
G 6 0  
0 6 1  
062  
0 6 3  
0 6 4  
0 6 5  
0 6 5  
066  
0 6 7  
068  
"69 
0 / 0  
0 7 1  
0 7 2  
0 7 3  
0  7 4  
'^ 75 
0  7 6  
0 7 7  
078 
0 7 9  
080  
OtJl  
082 
0 8 3  
"84 
0 8 5  
0 8 6  
0 8 7  
0 8 8  
0 8 9  
0 9 0  
0 9 1  
" 9 2  
0 9 3  
0 9 4  
0 9 5  
0 9 6  
0  9 7  
0 9 8  
0 9 9  
DO 205 J=1,NP 
IF(S(2)) 300,310,300 
310 YINT(J)=9.999 
YINTM(J)=9.999 
YINTP{J)=9.999 
GO TO 315 
300 YINT(J)=(l.0/S(2))«(-.5»(S(l)»»2+S(2)»»2+S(3)**2)-P(J)*S(l)-PTl 
1*S(1)) 
YINTM(J)=YINT(J)+(S(1)*»2)/S(2> 
YINTP(J)=YINT(J)-(S(i)»»2)/S(2) 
315 IF(S(3)) 325,320,325 
320 ZINT(J)=9.999 
ZINTM(J)=9.999 
ZINTP=9.999 
GO TO 330 
32 5 ZINTCJ)=(l.0/S(3))»(-.5»(S(1)«»2+S(2)»»2+S(3)»»2)-P(J)»S(1)-PT1 
1*5(1)) 
ZINTM(J)=ZINT(J)+<S(1)»»2)/S13> 
ZINTPtJ)=ZINT(J)-(S(1)»»2)/S(3) 
330 SP=ABSF(S(1)-P(J)-PT1) 
IF t RF -SP) 196,196,198 
196 R(J) = 0. 
GO TO 205 
198 R(J) = SQRTF(RF2 - SP»SP) 
205 CONTINUE 
PRINT 
210 PRINT 1210,PSI(I),S(1),St 2),S(3),XLV,YLV,ZLV,(P«K),R(K),YINT(K), 
lYINTM(K),YINTPtK),ZINT(K),ZINTM(K),ZINTPIK),K=1,NP) 
1210 FORMATdH F7. 2, 6E13. 5/( IH F6. 3 , 7tl3 . 5 ) ) 
219 CONTINUE 
220 CONTINUE 
GO TO 100 
END 
LATR 100 
LATR 102 
LATR 103 
LATR 104 
LATR 105 
LATR 106 
LATR 106 
LATR 112 
LATR 113 
LATR 114 
LATR 115 
LATR 116 
tV) 
END 
Fortran Program 3. 
ACCNTA0026 
(continued) 
aGiRVANa POGO 
[100] 
[MO] 
[010] 
(001) PLANE 
THROUGH r 
Figure 49. Cross section of the nearly free electron Fermi surface; 
(001 sectloji through T 
(110) 
•>(010) 
(001) PLANE 
.915 ^ABOVE R 
Figure 50. Cross section of the nearly free electron Fermi surface: 
(001) section up .915 (2n/a) from T 
H 
Figure 51e Cross section of the nearly free 
(100) section through T 
/ 
(001) 
(010) 
(100) 
(100) PLANE 
THROUGH R 
2 
lectron Fermi surface: 
( 100) PLANE 
.5 (^) ABOVE r 
Figure 52. Cross section of the nearly free electron Perml" surface : 
(100) section up .5 (2n/a) from T 
(001) 
^(110) 
(110) PLANE 
THROUGH R 
Figure 53. Cross section of the nearly free electron Fermi surface; 
(110) section through P 
l48a 
10.4. Appendix D; Open Orbit 
Analysis, Fortran Program 
START ACCNT A0086 SKEARNEVa 10 MINUTES 
COMPILE RUN FORTRAN LIST 
C KEARNEY X-2345 220 RESEARCH 
DIMENSION PH(200),FK(200),PHIRAD(200>,C(200),0(200 ) ,E(200 ) , 
2F(200) ,H(200),FKF1200),FM( 200),Xt200),EPSH 200),G<20C),FJ(200) 
10 READ 101,BETA,PSI ,N 
IF(N) 14,25,14 
14 READ I02,(PH{I),FK(I),I=l,N) 
P R I N T  1 0 4  
16 BETRAD = BETA».01745 
PSIRAD = PS I*.01745 
A=COSF(BETRAD) 
B=SINF(BETRAD) 
DO 19 1=1,N 
17 PHI RAD(I)=PH(I)*.01745 
C( I )=SINF(?>HIRAO( I ) )»A 
D(I) = 1.5708-ASINF(C(I ) ) 
E(I)= COSF(D(I))/SINF(D(I)) 
F(I )=B/A*E(I) 
G{I)=ASINF(F(I) ) 
H(I)=COSF(G(i))*A 
FJ( n=1.5708-ASINF(H( I ) ) 
FKF(I)=FK(I)/SINF(FJ(I)) 
FM( I )=G( n-PSIRAD 
X(1) = FKF(I)«SINF(FM< U)*2.0 
19 EPSK I )=FM{ I)/.01745 
18 PRINT 103,(FK(I),FKF(I),EPSI(I),X(I),D(I),I=1,N) 
GO TO 10 
25 STOP 88 
101 FORMAT (F5.2,F5.2,I3) 
102 FORMAT (7(F5.2,F5.3)) 
103 FORMAT (IH , 1F13.3, 1F9.3, IF 11.3,IF 12.4,F11.3) 
104 FORMAT (IHI,8X,IHK,8X,2HKF,6X,7hEPSILON,8X,IHD,4X,5HDELTA) 
END 
END ACCNT A0086 aKEARNEYÏ 10 MINUTES 
Fortran Program 4. Open Orbit Analysis 
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10.5. Appendix E: Circular Polarized Sound Waves 
An attempt to generate circularly polarized sound waves 
proved unsuccessful. An acoustic quarter wave plate was 
made from a single crystal of silicon. This quarter wave 
plate consisted of a silicon disk of thickness .0451 + .0005 
cm. with its axes along the <11O) direction. The thickness 
was calculated using the elastic constants of McSkimmin 
(1958) to be a quarter wave plate at 13.0 Mc/sec. A shear 
(Y-cut) transducer was placed with its polarization at an 
angle 0 = 45° from <110) = The silicon disk was "bonded to 
sample Sn 11 and this assembly sandwiched between two 
shear transducers. A change in the attenuation pattern 
between parallel and anti-parallel longitudinal magnetic 
fields was observed. This change showed that the acoustic 
wave was elliptically polarized to some extent. 
For circular polarized conditions the position of the 
transducer polarization (the angle 6) is dependent on the 
attenuation of the polarizer in the <100) and <110) direc­
tions. Careful measurements of the attenuation in these 
directions should allow the angle 9 to be calculated. 
Bohm^ has suggested using a <110> quartz crystal as a 
^Bohm, H. v., Wayne State University, Detroit, Michi­
gan. Generation of circular polarized sound waves. Pri­
vate communication (1964). 
150 
combination delay line and polarizer. The length of the 
quartz crystal would be some odd multiple of a quarter wave 
length. Quartz has a very low attenuation coefficient and 
would seem to be suitable for this purpose. 
It would be extremely useful to generate circularly 
polarized acoustic waves as electron and hole orbits could 
then be distinguished by the measurement of acoustic ab­
sorption edges. 
